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Several papers have been published to show the 
use of antibiotics as inhibitors of foreign microor- 
ganisms in industrial fermentations (Strandskov and 
Bockelmann, 1953; Day et al., 1954; Borzani and 
Aquarone, 1957; Aquarone, 1958; Falcone, 1958; Torloni 
ct al., 1958; Faleone, 1959; Aquarone, 1959) to assure 
high yields and/or good quality products. The favorable 
influence of penicillin as a contamination control agent 
in molasses and sugar cane alcoholic fermentations 
(Borzani and Aquarone, 1957) and the good results 
obtained with other antibiotics (Aquarone, 1958; 
Torloni et al., 1958; Aquarone, 1959) justify the present 
report. 

This paper presents results of experiments carried 
out to study the action of lower levels of penicillin than 
previously tried (Borzani and Aquarone, 1957) and 
of tetracycline as contamination control agents in 
alcoholic fermentation of blackstrap molasses. The 
influence of riboflavin on the action of tetracycline 
(Dony-Crotteux, 1957) also was studied. 


MATERIALS AND METHODS 


Mashes were prepared by diluting blackstrap molasses 
with tap water. Inoculation was made with 10 g per L 
(approximately 1.1 X 10" cells per L) of pressed 
yeast® (Saccharomyces cerevisiae). Potassium penicillin 
G (1595 units per mg) and tetracycline hydrochloride 
were used. The study of the influence of riboflavin on 
tetracycline was carried out with riboflavin-5-sodium 
phosphate (De Ritter et al., 1955). 

In all experiments, contamination was limited to 
those bacteria normally developing in the molasses 
and from miscellaneous sources of admission in the 
usual fermentations. 

Sugar concentration, calculated as glucose, was 
determined by the Lane-Eynon method (Browne and 
Zerban, 1948) or a modification of this method (Falcone 
et al., 1959). Alcohol was determined by distillation 


' Abstracted from a thesis, oriented by Professor Walter 
Borzani, presented by the author to the University of Sao 
Paulo, in 1959. This work was supported in part by grants-in- 
aid from the Brazilian National Research Council. 

* Present address: Faculdade de Farmécia e Odontologia, 
University of Sdo Paulo, Sao Paulo, Brazil. 

* Prepared by Standard Brands of Brazil, Inc., SAo Paulo, 
Brazil. 


(Borzani and Falcone, 1952). Acid production was 
measured by titration (Almeida, 1940); pH was meas- 
ured potentiometrically. Yeast counts were made by 
hemocytometer (White, 1954), using clarified, sterilized 
mash containing 2.0 g per L of ammonium diacid 
phosphate and 0.25 g per L of magnesium sulfate 
heptahydrate. Tetracycline concentration in the “beers” 
was measured by turbidimetric method (Pharmacopoeia 
of the United States of America, 1955). 
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Figure 1. Effect of penicillin on aleohol content. Mashes 
containing 150 g/L of sugar. Incubation at 29 to 30 C. Penicillin 
concentrations: 0 units/L (curve 1), 200 units/L (curve 2), 500, 
800, and 1000 units/L (curve 3). Recovery of contaminated 
media (curves 1 and 2) was started at seeding-back no. 8 using 
mashes containing 500 units/L of penicillin. 


To determine whether or not the antibiotics were 
stimulators to yeast, the fermentation rates with and 
without antibiotics were compared by measuring the 
CO, production; the experiments were carried out in 
test tubes and CO, production was determined by 
periodic weighing (Borzani and Falcone, 1953). 

Several experiments were conducted by the successive 
seeding-back process (Underkofler and Hickey, 1954). 
These fermentations were carried out in the following 
way : 80 per cent of the fermenting liquid was drawn off 
every 24 hr (after stirring to suspend the yeast) and 
the volume was adjusted to the original volume with 
fresh mash. 
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TABLE 1 ReEsuLts AND Discussion 
Effect of penicillin on the pH and acidity of = E 
igure 1 and table 1 show the results obtained using 
penicillin in fermentations by the successive seeding- 
Penicillin Concentration (Units per L) back process. Figure 1 shows also the possibility of : 
Seeding-back recuperating highly contaminated fermenting mash 
Fermentation No. 0 200 500 1000 
| | by some consecutive seeding-back fermentations with 
At | pH | A | pH | A | pH | A | pH mash containing 500 units per L of penicillin. The ete 
std odor of the fermenting media without penicillin became 
quite disagreeable during the successive seeding-back 
2 6.4/5.415.315.5151/15.514.9155 operations, whereas that of the mashes containing 
3 7.7 | 5.2 | 5.3 | 5.5/5.3) 4.9 5.5 penicillin was characteristic of a normal alcoholic 
4 5.1] 6.8) 5.4) 5.7| 5.5/5.3 5.5 | fermentation. 
5 | 8.8 | 5.0 | 7.1 | 5.1 | 5.7 | 6.5 | 5.3 | 5.5 The addition of penicillin in some but not all of 
: | the seeding-back operations also was tried. The results 
8 12.8 | 45/188 | 49155 54153 5.5 obtained (figure 2) can be explained by the inactiva- 
9 11.0 | 4.7| 4.9| 5.7| 5.3 | 8.3 | 5.4 tion of penicillin by the acids formed (Landerkin and 
10 9.0) 4.8) 7.7 | 4.9 | 6.0 | 5.2| 5.3 | 5.4 Katznelson, 1957). 
il | 8.4 | 5.0 | 7.7 | 5.0 | 6.6 | 5.2 | 5.3 | 5.4 Table 2 shows that penicillin does not influence pak 
* Penicillin was added in each seeding-back operation. fact shows that the antibiotic acts only as an inhibitor in pe 
800 units/L and 1000 units/L gave almost identical results. of contaminants. are a 
Recuperation was started at seeding-back no. 9, adding 500 Tables 3 and 4 show the influence of tetracycline on 
units/L of penicillin in all mashes. Recuperation was not tati taini 
necessary in the mashes of the third and fourth column. Incu- 
bation at 29 to 30 C. 200 g sugar and from 0.002 to 20 mg tetracycline “7 
+t A = acidity, g/L, as HoSO,. (24 different tetracycline concentrations were tested). 
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Figure 2. Effect of penicillin on alcohol content. Mashes containing 150 g/L of sugar. Incubation at 29 to 30 C. Curve 1: 500 units/L , 
of penicillin added in all seeding-back fermentations. Curve 2: 1000 units/L of penicillin added in seeding-back no. 0, 2, 4, 6, 8, and earn! 
10. Curve 3: 1000 units/L of penicillin added in seeding-back no. 0, 3, 6, and 9. Curve 4: 500 units/L of penicillin added in seeding- thre 


back no. 0, 2, 4, 6, 8, and 10. Curve 5: average values of three different fermentations 500 units/L of penicillin added in seeding: one ; 

back no. 0, 3, 6, and 9; 500 and 1000 units/L of penicillin added in seeding-back no. 0, 4, and 8. Curve 6: fermentation without antl mien 

biotic. 
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TABLE 2 TABLE 4 
Effect of penicillin on the rate of alcoholic fermentation* Effect of tetracycline on alcohol content and acidity 
of fermented mashes 
Decrease in Weight Due to Fermentationt 
Penicillin concentration (units/L) Concentration 
0 | 500 | 500,000 mg/L % by volume at 15 C g/L 
2a | 0 9.3 4.3 
hr % | % | % 0.002 9.4 4.1 
6 1.350 | 1.369 | 1.304 0.004 9.3 3.7 
10 2.918 | 3.056 | 2.720 0.012 9.6 4.1 
14 4.969 | 5.152 | 4.730 0.040 9.9 3.6 
18 6.914 | 7.019 | 6.736 0.120 10.3 3.6 
21 7.64 | 7.775 | 7.895 0.200 10.2 3.4 
24 8.175 | 8.252 | 8.118 0.600 | 9.2 3.3 
27 8.449 8.477 | 8.389 1.2 10.4 3.7 
31 | 8.637 | 8.647 | 8.575 2.0 10.5 3.1 
47 | 9.205 9.207 | 9.123 20.0 10.5 3.3 


* Mashes containing 150 g/L of sugar, 2.0 g/L of ammonium 
diacid phosphate and 0.25 g/L of magnesium sulfate heptahy- 
drate. Fermentations carried out aseptically at 29 to 30 C. 

+ The decrease in weight due to fermentation was calculated 
in per cent of the initial culture medium weight. The values 
are averages of two measurements. 


TABLE 3 


Effect of tetracycline on fermentation time 


| 
Specific Gravity of Mashes 
| 


ime Tetracycline concentrations (mg/L) 


| 0 0.002 0.120 0.600 | 20 

| | | 
by | | | 
0 1.131 1.131 | 1.132 | 1.130 1.130 
3 1.127 1.124 1.126 1.124 | 1.124 
6 (1,107 1.110 1.108 1.115 1.110 1.105 
9 1.098 1.096 1.095 1.094 1.090 1.096 
12 1,091 | 1,090 1.086 1.089 1.085 1.087 
1.079 | 1.082} 1.079 1.079 | 1.07 | 1.07 
18's «1.075 | 1,076 | 1.073 | 1.073, 1.069 | 1.069 
2115 1,069 1.070 1.066 | 1.067 1.064 1.064 
241g 1.063 1,065 1.062 1.061 1.057 1.058 
1.060 1.061 1.058 1.058 1.054 1.055 
201g | 1.058 1.059 1.056 1.056 1.053 1.053 


Incubation at 28 to 29 C. Mashes contained 200 g/L of sugar. 
Data on other tetracycline concentrations are practically 
identical to the present values. 


The fermentation times were cpmpared by periodic 
measurement of the specific gravity. Table 3 shows 
that the antibiotic does not influence the fermenta- 
tion time. The values of table 4 show that, at concen- 
trations of 0.120 mg per L and above, tetracycline has 
a favorable action on fermentation by suppressing 
contamination. 

Table 5 shows the results obtained in experiments 
carried out to study the effect of tetracycline added in 
three doses during fermentation as follows: the largest 
one at the start to avoid a possible adaptation of foreign 
microorganisms; the second dose after 5 hr of fermenta- 
tion, that is, approximately when the fermentation 


The values are averages of three measurements. Mashes 
contained 200 g/L of sugar. Incubation at 29 to 30 C. 


TABLE 5 
Effect of adding tetracycline in several doses during 
fermentation* 
Alcohol Content Acidity (as 
mg/L % by volume at 15 C g/L 
0 9.5 4.7 
0 9.5 4.7 
0 9.4 4.7 
0.6 9.8 3.8 
0.6 9.8 4.0 
0.6 10.0 4.2 
0.67 10.0 3.8 
9.9 4.0 
0.67 9.8 4.2 
1.2 9.9 3.0 
1.2 9.9 3.5 
1.2 _ 3.7 
1.27 9.7 3.4 
1.2f 9.8 3.1 
1.2 10.0 3.7 


* Mashes contained 180 g/L of sugar. Incubation at 29 to 
30 C. 

+ Tetracycline added in three doses: 20 per cent at start, 
20 per cent at 5 hr, and 20 per cent at 25 hr. 


rate started to increase; and the last dose after 25 hr 
of fermentation. It was verified that the addition of 
tetracycline in several doses during fermentation and 
the addition of a single dose at the start of fermenta- 
tion gave similar results. 

Figures 3, 4, and 5 present the results of fermenta- 
tions by the successive seeding-back process using 
mashes containing 150 g per L of sugar. Tetracycline 
concentrations from 0.5 to 30 mg per L were tested; 
the effect of the antibiotic on contamination was 
observed at concentrations of 3 mg per L and above. 
The odor of the fermenting mashes without tetracycline 
became disagreeable during the successive seeding-back, 
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Figure 3. Effect of tetracycline on alcohol production. Mashes contained 150 g/L of sugar. Incubation at 29 to 30 C. Tetracycline 
concentrations: 0 mg/L (curve 1), 3 mg/L (curve 2), 5 mg/L (curve 3), 15 mg/L (curve 6), and 30 mg/L (curve 4). Recovery of con- 
taminated mashes was started at seeding-back no. 7 using mashes containing 15 mg/L of tetracycline (curves 1, 2, 4, and 5) and 


9 mg/L (curve 3). 
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Figure 4. Effect of tetracycline on acid production. Mashes 
contained 150 g/L of sugar. Incubation at 29 to 30 C. Final 
acidity measured as g/L of H.SO;. Tetracycline concen- 
trations: 0 mg/L (curve 1), 3 mg/L (curve 2), 5 mg/L (curve 3), 
15 mg/L (curve 5), and 30 mg/L (curve 4). Recovery of contami- 
nated mashes was started at seeding-back no. 7 using mashes 
containing 15 mg/L of tetracycline (curves 1, 2, 4, and 5) and 
9 mg/L (curve 3). 
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Figure 5. Effect of penicillin on pH of the fermented mashes. 
Mashes contained 150 g/L of sugar. Incubation at 29 to 30 C. 
Tetracycline concentrations: 0 mg/L (curve 1), 3 mg/L (curve 
2), 5 mg/L (curve 3), 15 and 30 mg/L (curve 4). Recovery of con- 
taminated mashes was started at seeding-back no. 7 with 
mashes containing 15 mg/L of tetracycline (curves 1, 2, and 4) 
and 9 mg/L (curve 3). 


whereas that of the mashes containing tetracycline 
was characteristic of a normal aicoholic fermentation. 
Figures 3, 4, and 5 show also the possibility of recuperat- 
ing highly contaminated fermenting mash by some 
consecutive seeding-back fermentations with mash 
containing tetracycline. 
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The results of the addition of tetracycline in some 
of the seeding-back operations are presented in figure 6. 
The greater stability of tetracycline, when compared 
with penicillin (Landerkin and Katznelson, 1957), would 
explain the results observed (figure 6). 
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Figure 6. Effect of tetracycline on alcohol production. 
Mashes contained 150 g/L of sugar. Incubation at 29 to 30 C. 
Fifteen mg/L of tetracycline was added in all seeding-back op- 
erations (experimental points @), in seeding-back no. 0, 2, 4, 6, 
8, and 10 (experimental points A), in seeding-back no. 0, 4, 
and 8 (experimental points 0), and in seeding-back no. 0, and 
6 (experimental points X). Increase in alcohol was calculated 
in relation to the aleohol content of a fermented mash without 
tetracycline. 


Tetracycline added at levels of 2.5, 5, 15, and 25 
mg per L of mash did not significantly affect the rate 
of yeast fermentation. These results differ from those 
of Arpai and Janotkova (1957) and Picci (1957) but 
confirm those of Gordon and Taylor (1954) working 
with other antibiotics and other organisms. 

Vigure 7 shows that the presence of tetracycline does 
not influence yeast growth. 

Fermentation with tetracycline (15 mg per L) in the 
presence of various concentrations of vitamin Be, lead 
to the conclusion (table 6) that this vitamin does not 
interfere with tetracycline activity as observed by 
Dony-Crotteux (1957). 

The relatively high stability of tetracycline can 
be observed in table 7. 
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SUMMARY 


Experiments were carried out in an attempt to 
determine the influence of penicillin and tetracycline 
as contamination inhibitors in the alcoholic fermenta- 
tion of blackstrap molasses. 

Penicillin is a good contamination control agent 
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Figure 7. Influence of tetracycline on yeast growth. Mashes contained 180 g/L of sugar, 2.0 g/L of ammonium diacid phosphate, 
and 0.25 g/L of magnesium sulfate heptahydrate. Incubation in aseptic conditions at 29 to 30 C. Growth factor is calculated dividing 


the yeast concentration by the initial yeast concentration. 
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TABLE 6 


Effect of tetracycline in alcoholic fermentations in 
the presence of riboflavin 


| Alcohol Content (Per Cent | Acidity (as H2SO,) 


by Volume at 15 C) (g per L) 
Fermentation | Riboflavin concentration Riboflavin concentration 

No. (mg/L) 

15.0 0 1.5 15.0 

| 38 | 8.7 3.7 
1 | | 481 87 | 27 
2 | 7.9 | 84 | 84 | 48 | 3.9 | 3.9 
3 7.5 | 84 | 8.2 | 42 | 3.9 | 4.0 
4 | 68 | 86 | 86 | 4.0 | 3.8 | 3.8 
5 i | 6.6 | 26 | 4.7 | 4.3 


| 


Mashes contained 150 g/L of sugar, and 15 mg/L of tetra- 
eycline. Incubation at 29 to 30 C. Data on riboflavin concen- 
trations of 3.0 and 9.0 mg/L are practically identical to the 
presented values. 


TABLE 7 


Tetracycline stability in fermenting mashes 


Tetracycline Concentration 


Fermentation Time 


Tetracycline Tetracycline 
hydrochloride phosphate 
a/b 
0 15.0 12.0 
15.0 12.0 
15.0 12.0 
24 12.75 9.37 
13.13 9.44 
9.37 
54 8.58 5.70 
9.30 5.70 
9.30 5.63 


Mashes contained 150 g/L of sugar. Incubation at 32 to 35 C. 


even in fermentations using the successive seeding-back 
process, in concentrations as low as 500 units per L. 
Highly contaminated mashes can be recuperated by 
seeding-back with mashes containing penicillin. This 
antibiotic does not directly influence the yeast activity 
even when present in a concentration of 500,000 
units per L. 

Tetracycline does not influence the fermentation 
time. This antibiotic acts as a contamination inhibitor 
when present in concentrations from 1 to 30 mg per L, 
even when added in some of the seeding-back operations. 
Recuperation of contaminated mashes can also be 
effected by means of seeding-back with mashes con- 
taining tetracycline. No inhibition nor activation of the 
yeast was observed in mashes containing tetracycline. 
Riboflavin does not interfere with this antibiotic. 
Approximately 60 per cent of the added tetracycline 
hydrochloride was found in the fermented mashes. 
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An interest in the field of algicides for swimming 
pools has led to a survey of the problems involved in 
this field. A study of the bactericidal and algicidal 
properties of some of the chemicals used has been re- 
ported (Fitzgerald, 1959) in which it was pointed out 
that some of the products available show remarkable 
properties in laboratory tests. 

The present studies demonstrate how the activity of 
some chemicals used in swimming pools for algicidal 
purposes can be affected by the physical and chemical 
conditions in the swimming pool environment and 
management. The factors that have been considered 
are the adsorptive properties of diatomaceous filter 
media and the precipitation of copper compounds 
under different conditions in the water. 

From an understanding of the problems involved in 
the maintenance of algicidal conditions in swimming 
pools, it is hoped that the need for the proper applica- 
tion of the excellent algicides available will be appre- 
ciated. 


MATERIALS AND METHODS 


I, Adsorption Studies 


A. Procedure. The adsorbent used to test the effect 
of a filter medium on the algicidal properties of various 
chemicals was an analytical diatomaceous filter aid, 
Celite.? 

The chemicals tested are listed in table 1, together 
with the concentration of active ingredient and source 
of chemical. Each chemical was tested on an “as 
received” basis without regard to the concentration of 
active ingredient present. To compare one chemical 
with another, however, the active ingredient concen- 
tration must be taken into consideration. 

The method used to test the effect of the Celite upon 
the algicidal properties was as follows: 

1. A stock solution of the chemical to be tested was 
prepared by dissolving or suspending 25 mg of the 
chemical in 1000 ml distilled water. Therefore 1.0 ml of 
the stock solution in 25 ml of Chlorella culture medium 
corresponds to a final concentration of the chemical of 
1.0 mg per L. 

2. To a 25-ml portion of the stock solution of the 

‘Present address: Hydraulic and Sanitary Laboratory, Uni- 


versity of Wisconsin, Madison, Wisconsin. 
* Johns Manville Company, New York, New York. 
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chemical, 1.0 g of Celite was added and the suspension 
mixed. 

3. A 1-hr reaction time was allowed at room tempera- 
ture (23 + 2 C) with frequent mixing. 

4. The mixture was then transferred to centrifuge 
tubes and centrifuged until the supernatant solution 
was clear (usually 10 min). 

5. The toxicity of the untreated stock solution and 
of the supernatant liquid from the Celite treatment 
was compared by adding different volumes of either 
solution to Chlorella cultures and determining the 
volume required to kill the culture. 

The alga used for these toxicity tests was Chlorella 
(Wisconsin strain, formerly referred to as C. 
pyrenoidosa). Chlorella was cultured in Allen’s (1952) 
medium (containing, per L: NH,Cl, 50 mg; NaNOs, 
1000 mg; KzHPO,, 250 mg; FeCl, 3 mg; MgSO,-7H.0, 
513 mg; and CaCls, 50 mg) which supports a rapid rate 
of growth (cell counts increasing from 300,000 per ml 
to about 3,000,000 per ml in 48 hr) and a pH of 7.4. 
Twenty-five ml of sterile medium in 50-ml Erlenmeyer 
flasks were inoculated with Chlorella to give a final cell 
count of 300,000 cells per ml. Increasing amounts of 
the solution to be tested were added to these cultures, 
and the minimal volume required to kill the culture 
over 5 to 15 days of treatment is reported. By using a 
fast growing organism such as Chlorella for these tests, 
the toxic concentrations of the chemicals could be 
detected within 48 to 72 hr, and repeat experiments set 
up before the final observations of the first tests were 
made. All toxicity tests reported were run at least 
twice, and the results in all cases were similar. 

B. Results. Examples of quaternary ammonium 
compounds, amines, quinones, and a pyrimidine were 
tested with Celite, and the results of comparing the 
toxicity of untreated and Celite treated solutions 
of the chemicals are presented in table 2. In many 
instances, the volume of chemical solution treated with 
Celite required to kill the Chlorella culture exceeded 
the volume tested. This fact is noted by using the 
symbol > to denote that more than the reported 
volume was required, the exact amount being undeter- 
mined. However, the important fact is that there was 
considerably more Celite treated solution required 
than untreated stock solution. 

The data indicate that the treatment of distilled 
water solutions of all the quaternary ammonium 


4 
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TABLE 1 
Sources of chemicals tested 
Designation Active Ingredient | of Active | Source 
| Ingredient | 
| a 
Cetylamine® | Cetyltrimethylammonium bromide 100* Eastman Organic Chemical Co., Roch. 
ester, New York 
1622 p-Diisobutylphenoxyethoxyethy! dimethy] benzyl am- 98.8 Rohm and Haas Co., Philadelphia, 
monium chloride-monohydrate Pennsylvania 
2389 Alkyl (Cs-Cis) tolylmethy] trimethylammonium chlo- 50 Rohm and Haas Co., Philadelphia, 
ride Pennsylvania 
Lauryl Laury! pyridinium chloride 90 Hooker Electrochemical Co., Tacoma, 
Washington 
Dichlone® 2,3-Dichloro-1,4-naphthoquinone 50 Naugatuck Chemical Co., Naugatuck, 
Connecticut 
2-MeN.Q. 2-Methy! naphthoquinone 100 Eastman Organic Chemical Co., Roch- 
ester, New York 
RADA Rosin amine D acetate 30 Chipman Chemical Corp., Bound Brook, 
New Jersey 
Nalco 236 Polyamine 100* National Aluminate Corp., Chicago, 
Illinois 
P-252 5 - Amino - 1,3 - bis - (2 - ethylhexyl) -5- methylhexa- | 100* Commercial Solvents Corp., New York, 
hydropyrimidine New York 
Copper sulfate CuSO,;-5H20 100 Phelps Dodge Refining Corp., Chicago, 
Illinois 
Omazene Copper dihydrazinium sulfate 50 Olin Mathieson Co., Baltimore, Mary- 
land 
Algeeclear “Chelated copper’’ | 100* Wallace and Tiernan Co., Inc., Belle- 
ville, New Jersey 
Cuprose “Chelated copper” 100* W. R. Henderson Co., Houston, Texas 


* Assumed concentration. 


TABLE 2 


Comparisons of the toxicity of untreated and Celite 
treated stock solutions of algicidal chemicals 


Volume of Solution 
Required to Kill 
Chlorella Culture 

Chemical Compounds 


Celite* 
| treated 
ml | ml 
Quaternary ammoniums | 
Cetyltrimethylammonium bromide..... | 
Lauryl pyridinium chloride........... 4 >5 
Amines 
| 4 | 6 
Quinones 
2-Methy] naphthoquinone............. | 4 | 4 
Pyrimidine | 


* One g Celite per 25 ml. 
+ > = more than. 


compounds, amines, and the pyrimidine with Celite 
resulted in a decrease in the algicidal properties of 
these solutions. These losses are assumed to be due to 
adsorption of the chemicals on the Celite. 


In initial tests with Dichlone® (2,3-dichloro-1 ,4 
naphthoquinone), a quinone compound, losses in 
toxicity were recorded after treatment of the Dichlone 
suspensions with Celite. However, previous tests with 
this chemical (Fitzgerald et al., 1952) had not indicated 
its algicidal properties to be affected by various filter 
media. Since the solubility of Dichlone is only 0.1 
mg per L, and a concentration of 1.5 mg per L was 
required for toxicity to Chlorella in these tests, it was 
felt that the decrease in toxicity brought about by the 
addition of Celite and centrifugation of the mixture was 
due to the loss of undissolved Dichlone from the original 
suspension. To check if a quinone would be adsorbed 
from a true solution by Celite, a solution of 2-methy! 
naphthoquinone was tested. The data in table 2 
indicate that there was no loss in toxicity by the Celite 
treatment of solutions of this quinone. 

Further tests on the loss of algicidal properties of 
solutions of chemicals by treatment with Celite were 
carried out using the quaternary ammonium compound, 
cetyltrimethylammonium bromide (cetyl). This chemi- 
cal is readily obtained and has been found to be toxi¢ 
to Chlorella at concentrations of 1.0 to 1.5 mg per L. 
In these tests, different amounts of Celite were added 
to 25-ml portions of a stock solution of the chemical 
(1.0 ml of stock chemical per 25-ml culture corresponds 
to a final concentration of the chemical of 1.0 mg pet 
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TABLE 3 
Effect of different concentrations of Celite on the toxicity 
of stock solutions of cetyltrimethylammonium bromide 
to Chlorella 


Amount of Celite Added to 


Volume of Treated Solution Supernatant 
Stock Solution 


Required to Kill Chlorella Culture 


g per 25 ml ml 
1.0 


L), and the volume of supernatant after centrifugation 
required for toxicity to Chlorella was determined. 
Results of a typical experiment are presented in table 3. 

It is evident from the data of this experiment that 
0.1- and 0.25-g quantities of Celite in 25 ml of the cetyl 
solution had no effect on the algicidal properties of 
these solutions. However, 0.5 g of Celite per 25 ml 
decreased the toxicity of the solution by one-third, and 
0.75 and 1.0 g of Celite caused at least one-half of the 
toxicity to be lost as compared to the untreated stock 
cetyl solution. 

Similar tests carried out using activated carbon at 
concentrations of 0.05, 0.1, 0.25, 0.5, 0.75, and 1.0 g 
per 25 ml of the stock cetyl solution indicated that 
volumes of more than 3.0 ml of any of the treated 
solutions were required for toxicity, whereas 1.5 ml of 
the untreated solution were toxic. Thus, the adsorptive 
properties of activated carbon for  cetyltrimethyl- 
ammonium bromide appear to be greater on a weight 
basis than the grade of diatomaceous filter aid tested. 

To check whether the cetyl adsorbed from solution 
by the Celite (1.0 g per 25 ml) could be readily eluted 
from this filter medium, tests were carried out with 
Celite centrifuged from a stock solution of cetyl (1.0 
ml per 25 ml of Chlorella culture corresponding to 1.0 
mg per L). The 1.0 g of Celite was resuspended in 25 
ml of either distilled water or Madison tap water (very 
hard water) for 20 min and then the suspensions centri- 
fuged. Toxicity tests with the distilled water wash of 
the Celite indicated no toxicity to Chlorella cultures 
with volumes as high as 3.0 ml. However, the tap 
water wash of the Celite was shown to exhibit toxicity, 
3 ml causing a 75 per cent kill of the Chlorella culture. 

In another experiment, 1.0 g of Celite, which had 
been centrifuged from 25 ml of the cetyl stock solution 
after 1 hr treatment time, was resuspended in 25 ml of 
distilled water and volumes of 0.5 to 3.0 ml of this 
suspension were added to Chlorella cultures. It was found 
that 3.0 ml of this suspension killed the Chlorella cul- 
ture. Thus, it has been shown that the cetyl removed 
from solution by Celite could be made available to 
algae by washing the Celite with a hard water or sus- 
pending it in Allen’s medium. 


IT. Precipitation of Copper Studies 


A. Procedure. The amount of copper removed from 
solution by filtration of various sources of copper in 
different waters has been studied. The amount of 
copper in the solutions was analyzed using the “Cu- 
prethol” method (APHA, 1955). The filters used in 
these tests were glass fiber pads*® in Gooch crucibles. 
Results using these filters have been shown to be 
similar to results using Whatman no. 42 filter paper or 
Celite diatomaceous filter aid. 

Initial tests carried out on Madison tap water and 
distilled water indicated that the solubility of copper 
was affected by the water involved. Therefore, to 
obtain results that could be reproduced in any labora- 
tory, four known media were used in these tests. Two 
of these media, Allen’s (1952) and Gorham’s (Hughes 
et al., 1958), are algal culture media. The other two 
media are BOD dilution water (APHA, 1955) and 
distilled water. These four media provide different 
alkalinities (108, 52, 12, and less than 1 for Allen’s, 
Gorham’s, BOD dilution water, and distilled water, 
respectively), as well as different degrees of hardness: 
very hard (253 ppm as CaCO;, Allen’s), medium hard 
(54 ppm, Gorham’s, minus Fe source), soft (33 ppm, 
BOD dilution water), and very soft (less than 1, distilled 
water). 

The method used to determine the amount of copper 
that was removed from solution in different waters by 
filtration was as follows: 

1. Stock solutions of the different copper sources 
were made up with each of the four media (25 mg of 
copper compound per 100 ml of medium). 

2. The pH of 50 ml portions of the stock solutions 
was adjusted to pH 4.0 + 0.1 or pH 7.0 + 0.1, using 
HCl or NaOH. 

3. Each 50-ml portion of the copper solutions was 
then filtered through a clean glass filter pad. 

4. Analyses of the amount of copper in 10 ml por- 
tions of the above filtrates were compared with analyses 
of 10 ml portions of unfiltered stock solutions and a 
standard copper solution (APHA, 1959). 

The sources of copper tested at these pH values and 
in these media were copper sulfate, Omazene, Algee- 
clear, and Cuprose, the last three sources being com- 
mercial products referred to as having a chelated form 
of copper (see table 1). 

B. Results. Several tests were carried out to measure 
the amount of copper that was removed by filtration 
of copper sources in different qualities of water. The 
results of a typical experiment at pH 4.0 and 7.0 are 
presented in table 4 as the percentage of copper re- 
covered in the filtrate as compared to the amount of 
copper in an unfiltered copper source. 

The data indicate that 90 per cent or more of the 


3H. Reeve Angel and Company, New York, New York. 
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TABLE 4 


Comparison of effects of filtration on copper compounds 
in different waters at pH 4.0 and pH 7.0 


Percentage of Copper Recovered 
in Filtrate when Tested in 
hard) | “her | oft) 
Copper sulfate | 
pH 4 | 91 94 94 | 94 
pH7 6 5 | 
Omazene 
pH 4 | 9 | 98 91 | 93 
Algeeclear | 
pH 4 | 9 | 9 | o | 92 
pH7 2 | | 
Cuprose 
pH 4 | 96 | 91 91 | 91 
| 


pH7 70 85 91 


copper from any of the sources can be found in the 
filtrates of any media at pH 4. 

The results of tests carried out at pH 7 indicate that 
there were considerable differences in the amounts of 
copper recovered from filtrates in the different media 
and between the different sources of copper. In the 
case of the inorganic source of copper, copper sulfate, 
less than 10 per cent was recovered in three of the 
media and only 29 per cent in distilled water at pH 7. 
When Omazene was used as a copper source, 73 per 
cent of the copper was recovered from the distilled 
water filtrate, but only 16 and 14 per cent from the 
soft and medium hard waters. The recovery of copper 
from Algeeclear solutions in very soft, soft, and medium 
hard waters was 78 per cent or higher, but only 12 
per cent in the very hard water. The drop in recovery 
between the soft water test and very soft water test 
(92 per cent to 78 per cent) is not understood, but has 
been noted in all replicates of this experiment. Where 
Cuprose was used as a source of copper, even in the 
very hard water test, a recovery of 70 per cent of the 
copper was obtained. 

It is evident from these data that at pH 7 the amount 
of copper remaining in solution will depend upon both 
the quality of the water and the source of copper. There 
has been no attempt to determine which factor in 
water quality, hardness or alkalinity, ismore important 
in causing the copper to precipitate and be removed by 
a filter. From the results of these tests, the sources of 
copper could be ranked as to their ability to keep 
copper in solution at pH 7 as follows: Cuprose, Algee- 
clear, Omazene, and copper sulfate. 


DIScUSSION 


A decrease in the effectiveness of algicidal chemicals 
due to swimming pool filters may be the result of either 
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adsorption of the chemical on the medium of the filter 
or a physical filtration of an insoluble form of the 
chemical. Quaternary ammonium compounds, amines, 
and a pyrimidine have been used to demonstrate the 
adsorptive properties of a diatomaceous filter product. 
Dichlone and copper compounds were used to demon- 
strate the filtration of insoluble chemicals and some of 
the factors which control the solubility of copper 
compounds. 

Jung (1952) pointed out that the greater portion of 
quarternary ammonium compounds added to swimming 
pools for disinfectant purposes was adsorbed on the 
filter sand. This adsorption effect is known to many 
swimming pool managers also, since the quantity of 
quaternary ammonium compounds present in pool 
waters is readily determined by means of simplified 
test kits.‘ The tests reported here were designed to 
demonstrate this adsorptive process using techniques 
which could be reproduced and expanded upon. 

The medium used in a pool filter will be a factor in 
determining the amount of chemical that can be 
adsorbed and the time required to lower the content of 
the algicide in the pool waters below the effective 
concentration. The analytical grade of diatomaceous 
earth (Celite) used in these tests might have consid- 
erably higher adsorptive properties than other grades 
of diatomaceous earth or sand, much the same as the 
adsorption of cetyltrimethylammonium bromide on 
activated charcoal was more effective than on diato- 
maceous earth. However, tests run with an analytical 
grade of diatomaceous earth can be readily repro- 
duced in any laboratory and the factors controlling 
the adsorptive process studied under known and consist- 
ent conditions. 

The adsorption of quaternary ammonium compounds 
from solution by a filter medium may be influenced by 
the water in which the tests are carried out. In the 
present studies the chemicals tested were dissolved in 
distilled water. Chambers et al. (1955) and Cousins 
and Clegg (1956) have pointed out that the hardness 
of waters may influence the bactericidal activities of 
quaternary ammonium compounds. Thus, there might 
be added factors in adsorption tests of the future so 
that the quality of the water will be studied in relation 
to both the adsorptive properties of an adsorbent as 
well as the effectiveness of the disinfectant. 

The fact that a chemical is removed from swimming 
pool waters by adsorption or filtration of an insoluble 
product does not necessarily indicate that it would not 
still be active as a bactericide or algicide since the pool 
waters must still pass in close contact with the chemi- 
cal. It was demonstrated that cetyltrimethylammonium 
bromide could be eluted from the diatomaceous filter 
aid in sufficient quantities to be toxic to Chlorella. 


4LaMotte Chemical Products Company, Chestertown, 
Maryland. 
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However, it must be pointed out that the bacteria and 
algae in the pool itself are the organisms that are 
important to control. It is not sufficient to assume 
that the adsorbed or filtered chemical will kill the 
bacteria and algae as they come in close contact on 
the filter. The purpose of the bactericides and algicides 
is to kill and prevent the growth of organisms in the 
immediate presence of the swimmers and not to kill 
the organisms caught on or passing though a filter. 
Thus, the practical effectiveness of any chemical that 
is removed by a filter is reduced even though the 
chemical is still present in at least a portion of the pool 
system. 

The problem of maintaining in swimming pool waters 
algicidal concentrations of a chemical that is only 
slightly soluble, such as Dichlone or precipitated 
copper compounds, is similar to the problem of an 
algicide that is adsorbed on a filter. In either case the 
pool filter may lower the content of the chemical 
below the concentration required for sterilization 
purposes. The solubility of Dichlone is only 0.1 mg per 
Land concentrations in excess of 10 times this amount 
are required for the control of the type of algae com- 
mon to swimming pools. Therefore, this compound 
presents problems that cannot be solved as in the case 
of copper where the element can be applied in a chelated 
form. 

Studies have been made on the effect of water hard- 
ness upon the solubility of copper by a number of 
workers. Ellms (1905) was probably the first to show 
that, in hard water, copper was removed from solution 
as a colloid and later separated completely as a pre- 
cipitate. He found 40 to 50 per cent of the copper added 
to hard water could be removed by filtration within 
10 to 15 min; 75 to 95 per cent was removed after 3 hr 
elapsed; and after 24 hr, no copper was detected in the 
filtrate. Huckins, more recently (1951-1954), tested 
waters of different hardness and the effects upon copper 
precipitation. Monie (1944) developed a method of 
testing the amount of copper to be most effective as an 
algicide to be added to water which was related to the 
alkalinity of the water. Bartsch (1954) and Mackenthun 
(1958) suggested that the basis for calculation of the 
amounts of copper sulfate for algae control in lakes 
shift from 0.9 Ib per acre-foot for waters with methyl 
orange alkalinities below 50 ppm to 5.4 |b of copper 
sulfate per acre when dealing with more alkaline waters. 

Studies of the effect of chelation of chemicals in 
order to prevent their precipitation, or to make them 
more available, have been made by Waris (1953). As 
early as 1905, Ellms (1905) reported that a mixture of 
leaf infusion and copper sulfate prevented a good 
proportion of the copper from precipitating. Copper 
solutions prepared in the form of Fehling’s solution and 
in the glycerine-potassium hydroxide silk reagent, as 
Well as aliphatic hydroxy acid solutions, were studied 


by Gelfand (1946). McIntyre (1949) suggested a mix- 
ture of copper sulfate and ammonium hydroxide for 
the control of algae in swimming pools. Both Eidsness 
(1953) and Swartz (1953) agree that copper sulfate is 
less effective as an algicide in hard waters than copper 
citrate or copper acetate. Fogg and Westlake (1955) 
found that the extracellular polypeptides of algae 
could bind copper and reduce the toxicity of added 
copper, thus throwing a light on some of the reports of 
algae developing resistance to copper. 

The tests reported here have demonstrated how 
waters of different qualities will affect the solubility of 
inorganic copper (from copper sulfate). It was shown 
that if the pH of the water is low enough (pH 4), the 
alkalinity or hardness of the water had no effect on 
the solubility of the copper. However, at pH 7, the 
alkalinity or hardness of the water exerts a considerable 
effect o:: copper solubility. It has been pointed out 
that the chelated forms of copper tested, Omazene, 
Algeecle. *, and Cuprose, varied in their ability to 
maintai. copper in solution as the quality of the waters 
differed. 

The relationship between the algicidal properties 
and chelation of copper has not been dealt with here, 
but would certainly be a stimulating field for further 
research. 

In conclusion, it must be emphasized that the purpose 
of these tests has been to demonstrate the facts that 
certain types of algicidal chemicals can be removed 
from solution by adsorption on filter media and that 
other algicidal chemicals under certain conditions can 
be removed by precipitation and filtration. These tests 
were not designed to study the problem of adsorption 
or precipitation of algicides in swimming pools, but to 
demonstrate their occurrence so that proper manage- 
ment procedures would be used to overcome any 
change in the amount of available algicide in pool 
waters. It is suggested that, if the algicide being used 
in a pool is one that might be removed from solution 
under the above conditions, effective concentrations of 
the algicide should be added from 1 to 3 times a week, 
depending upon the potential for algae growth in the 
particular pool water. Information as to what an effec- 
tive concentration would be for a particular algicide 
could be obtained from the manufacturer. 


SUMMARY 


Tests have been reported which were designed to 
demonstrate the adsorption of four quaternary am- 
monium compounds, two amines, and a pyrimidine on 
a diatomaceous filter aid. The loss in toxicity of treated 
solutions of these chemicals varied from 50 per cent 
to more than 67 per cent. The removal from suspension 
of an insoluble quinone and of four copper compounds 
was also demonstrated. The ability of the four sources 
of copper tested to keep their copper in solution at 
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pH 7 could be ranked in increasing order: copper sulfate, 
Omazene, Algeeclear, and Cuprose. 

The importance of possible losses of algicidal chemi- 
cals due to these factors is emphasized. The suggestion 
is made that algicides be added to swimming pools at 
frequent intervals to make up for these losses. 
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In view of the still considerable percentage of 
contamination of biological preparations, mainly of 
blood derivatives reported in the literature, it is 
necessary to evaluate the susceptibility and sensitivity 
of the various culture media recommended for sterility 
testing. It is no problem to prove a massive contamina- 
tion but it is difficult to demonstrate a slight one, the 
more so as the majority of biological preparations have 
the disadvantage that they are themselves excellent 
culture media. Besides, there is the additional problem 
of the rapid ageing of blood derivates and the deteriora- 
tion of blood and plasma. It is therefore essential to 
carry out sterility tests as early as possible and the 
results obtained should be perfectly reliable. A universal 


1 From the Institute of Haematology and Blood Transfu- 
sion, Prague. Chief: Professor J. Hotej5i. 


culture medium favouring the rapid growth of microbes 
is needed for this purpose; however, none of the current 
media is able to fulfil all these requirements. 

A great contribution in the field of bacteriological 
control was the work of Brewer (1940) who carried 
out the cultivation of anaerobes in a manner similar 
to that of aerobes. Although the original prescription 
of Brewer did not exhaust all possibilities of this medium 
as was shown in the course of time, the most important 
media for bacteriological control are based on his 
method. 

A further advance was made by Linden (1941) who 
increased the amount of peptone and introduced the 
use of yeast extract instead of meat broth (the so-called 
Brewer-Linden medium). Most important, however, 
was the report of Pittman (1946) who stated that 
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methylene blue causes bacteriostasis or growth inhibi- 
tion in the Brewer-Linden medium and that the phos- 
phate buffer present causes a retardation of bacterial 
growth. Her recommendations were incorporated in 
the Pharmacopeia of the United States of America 
(1955). 

In recent years a number of culture media for 
sterility testing have been proposed. In 1950, Bonnel 
recommended a simple medium for open-air cultiva- 
tion of anaerobic microbes which by using alkaline 
hydrosulfite for lowering the oxidation-reduction po- 
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tential also promotes the growth of aerobic microbes. 
Bonnel claimed that this medium appears to be superior 
to all others. 

Clausen (1956) who carried out experiments with 
Bonnel’s medium proposed some modifications by 
lowering the concentration of alkaline hydrosulfite, 
agar, and methylene blue, and by adding a yeast 
extract. He then compared Bonnel’s medium, the 
thioglycollate, and the modified hydrosulfite medium. 
The results of his experiments were as follows: the 
best growth promoting conditions were obtained by 


TABLE 1 
Cultivation capacity of media used for sterility testing 
Contaminated Media* 
Order Without plasma With plasma 
37C 32C 37C | 32C 20 C 
I Clausen USP XV Clausen Clausen USP XV USP 
USP XV USP XV 
II Liver broth Liver broth Liver broth Liver broth Bonnel Clausen 
Liver broth Liver broth 

Ill Bonnel Bonnel USP XV Bonnel Clausen Bonnel 

IV Brewer-Linden Clausen Bonnel Brewer-Linden Brewer-Linden Brewer-Linden 

V Brewer-Linden Brewer-Linden 


* Clausen = modified hydrosulfite medium according to Clausen (1956); USP XV = thioglycollate medium according to Pharma- 
copeia of the United States of America, 1955; Bonnel = hydrosulfite medium according to Bonnel (1950) ; Brewer-Linden = thioglycol- 


late medium according to Brewer-Linden (Linden, 1941). 
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Figure 1. Comparison of contaminants in various media with and without the addition of plasma 


Explanations: Clausen = modified hydrogulfite medium accorcing to Clausen 
USP XV © thioglycollate medium according to USP XV 
Bonnel = hydrosulfite medium according to Bonnel 
Brewer-Linden = thioglycollate medium according to Srewer - uinden 


OL. § |_| 
erties 
»biol., 
1952 
green 
1ce of 
Proce. 
+232. 
P ower 
1 New 
eport, 


276 


his modification of Bonnel’s medium, the second best 
by the thioglycollate medium. He considers Bonnel’s 
medium as less reliable. 

Because of the different opinions concerning the 
advantages and disadvantages of the various media 
and the exceptional importance of a suitable medium 
for the rapid and reliable control of biological products, 
a critical evaluation has been carried out. 


MATERIALS AND METHODS 


Liver broth, Brewer-Linden medium, thioglycollate 
medium according to The Pharmacopeia of the United 
States (1955) USP XV, Bonnel’s medium, and the 
modified hydrosulfite medium according to Clausen 
were prepared simultaneously. These media were ar- 
tificially contaminated with the same kind of microbe. 
Six tubes were then contaminated from each medium 
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and 0.5 ml plasma was added to three of them. The 
tubes were grouped in pairs, one tube containing only 
the contaminated medium the other with the admix- 
ture of plasma, and incubated at 37, 32, and 20 C. The 
cultures were checked daily macroscopically for a 
fortnight. The cultures which up to that time showed 
no bacterial growth on macroscopical examination were 
inoculated with a platinum loop on blood agar and 
incubated for 24 hr. Contamination was performed with 
one drop of a 24-hr bacterial culture. A total of 20 
species (272 strains) were inoculated. 


RESULTS 


An evaluation of the susceptibility of the media 
shows that their quality is largely influenced by the 
incubation temperature and the admixture of plasma 
(table 1). Roughly one can say that the most reliable 


TABLE 2 


Detailed survey of nonverified contaminations in media* to which plasma was added 


32.C | 20 C 
Microorganism | | L | | 
USP | Clau- Bon- | Liver | | USP | Clau- Broth, USP | Clau- | Liver 
XV | sen nel | Linden | Broth | | XV_ssen gs | XV | sen 2 4 | Broth 
Micrococcus pyogenes var. albus | | | | | 
(Staphylococcus albus)............ 27 
Micrococcus pyogenes var. aureus | | | 
(Staphylococcus aureus)........... | 21 | | | | 
Micrococcus citreus (Staphylococcus | | | 
Streptococcus hemolyticus (alpha) | 
(Streptococcus salivarius).......... 17 | | | | 1 
Micrococcus epidermidis (Staphylo- | | | | 
coccus epidermidis)................| 5 | | | | 
Streptococcus —hemolyticus (beta) | | | | 
(Streptococcus pyogenes)........... | 14 | ie 4 1 | | 9 
Neisseria catarrhalis ................ 17 | | 1 1 
Corynebacterium pseudodiphtheriticum | | 1 
26 | | 3 | 2 2 4 1 2 2 
Bacillus cereus var. anthra- | | 
2 
Saccharomyces cerevisiae............. 1 | | | | 
Streptococcus faecalis................ 6 | | 
Coli-aerogenes group................ 27 | | | | | 
Pesudomonas epp.................... 41 | | | 1 3 | 2 | | 
14 | 1 | 2 1 1 | | 1 2 
Bacterium violaceum (Chromobac- 
tertum violaceum)................. 2 1 | 1 | | 1 
Serratia marcescens................. | 14 | | 
Clostridium sporogenes.............. 1 | | | | | | 
Total at each temp............... 22 14 | 22 
* USP XV = thioglycollate medium according to Pharmacopeia of the United States of America, 1955; Clausen = modified hy- 


drosulfite medium according to Clausen (1956); Bonnel = 


hydrosulfite medium according to Bonnei (1950); Brewer-Linden = thio- 
glycollate medium according to Brewer-Linden (Linden, 1941). 
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is the thioglycollate medium according to USP XV 
and Clausen’s modified hydrosulfite medium. They 
are equivalent at a temperature of 37 C either with or 
without the admixture of plasma. At 32 C the thio- 
glycollate medium (USP XV) appears to be more 
sensitive. At room temperature the microbes grew 
best in the modified hydrosulfite medium (without 
plasma). In a protein milieu, however, their growth 
was best supported by the thioglycollate medium. 
Unexpectedly good results were obtained with liver 
broth which surpassed even the original Bonnel medium 
in all experiments. The Brewer-Linden medium showed 
all the negative qualities Pittman had indicated. 


DISCUSSION 


The results obtained prove that a protein milieu 
worsens the cultivation possibilities of all media (fig- 
ure 1). 

The cultivation media which during the time of 
observation were negative on macroscopical examina- 
tion were found to be not sterile after inoculation on 
blood agar but their contamination was so minute 
that they did not show the typical turbidity and could 
hence easily escape detection (table 2). In 58 cases 
read macroscopically as negative, bacterial contamina- 
tion was found in 33 tubes, that is, in 56.9 per cent 
after inoculation on blood agar. It is a question how 
to account for 25 strains (43.1 per cent) in which no 
contamination in any of the media examined or at 
any temperature could be detected. Part of them may 
be ascribed to the bactericidal action of blood deriva- 
tives and a certain percentage to autolysis, a phe- 
nomenon observed by Clausen. 

The microbes most frequently encountered were: 
Sarcina lutea, Corynebacterium pseudodiphtheriticum, 
Streptococcus hemolyticus (beta), Chromobacterium and 
species of the genera Pseudomonas. 

Even if the thioglycollate medium according to 
USP XV and the modified hydrosulfite medium are 
on the whole satisfactory, the fact remains that there 
is not a single absolutely reliable medium and that 
there are only a number of good media, each of which 
has made its contribution. Their greatest advantage is 
that they allow aerobic and anaerobic cultivation in 
one single tube. The insufficient reliability of the 
current culture media is due to the great variability 
of the microbes. 

It should be borne in mind that the greater the 
number of contaminated products, the greater the 
possibility of contamination by bacteria for whose 
growth none of the existing media is perfectly suited. 

The average percentage of contaminated blood 
derivatives reported by the Czechoslovak National 
Blood Transfusion Service is extremely small; con- 
tamination occurs only sporadically, and, after applica- 


tion of these preparations, there are only 0.4 per cent 
pyretic reactions. We should therefore like to give a 
rough outline of the main principles on which the work 
is based. 

Blood and blood derivatives are prepared under 
strict aseptic conditions (Transfusni sluzba, 1956). 
Every sample destined for sterility testing is kept in 
the laboratory at room temperature for at least 24 hr 
to further the growth mainly of psychrophilic bacteria 
and to prevent false negative results. The samples 
are inoculated under aseptic conditions on liver broth 
and the media are cultivated for 5 days at 37 C and 
room temperature and read daily macroscopically. For 
anaerobic cultivation, one tube is sealed with paraffin. 
After 5 days of cultivation, the tubes are inoculated 
with a loop into part of the blood agar which is incu- 
bated at the same temperature as were the media. 
The percentage of pyretic reactions is recorded at the 
same time thus affording an indirect control of the 
reliability of the work of the bacteriological laboratory. 
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SUMMARY 


A comparative study of culture media recommended 
for sterility testing has been carried out. A total of 
five types of culture media contaminated with 20 
species of microbes (272 strains) was examined. It 
was found that the thioglycollate medium according 
to USP XV and the modified hydrosulfite medium 
gave the best results. However, there does not exist 
an absolutely reliable medium to date. The reasons 
for the low percentage of bacterial contamination and 
pyretic reactions in the Czechoslovak National Blood 
Transfusion Service are briefly discussed. 
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In investigations on slow acid development by lactic 
acid starter cultures,? only limited consideration has 
been given to the effect of other bacteria present in 
the raw milk. Attention has been directed to inhibitory 
effects of such substances as nisin produced by certain 
streptococci and to possible inhibition by other bacteria 
(Cox and Whitehead, 1931; Babel, 1955). However, 
little specific information on the latter aspect of starter 
slowness is available. Olson et al. (1955) found no redue- 
tion in acid production when milk had high bacterial 
counts due to incubation at 80 F before heat treatment. 
Different seasons and different sources of milk were not 
investigated. 

Conditions of milk production and handling have 
changed markedly in the last 10 years. Under farm 
bulk tank systems, some milk may be several days old 
before being pasteurized for cheesemaking. Cases of 
slow acid development in starters and cheesemaking 
often are not traceable to bacteriophage, antibiotics, 
or germicides (Czulak and Meanwell, 1951; Keogh, 
1958). As indicated by the report of Mosely and Wins- 
low (1959), the problem appears to be more complex 
than previously considered. Accordingly, investigations 
were conducted to determine if, during different seasons, 
the storage or raw milk with accompanying bacterial 
development would increase the incidence or degree 
of lactic starter inhibition. 


MATERIALS AND METHODS 


Samples of mixed herd milk were obtained from 16 
individual producers delivering milk daily by can to a 
local grade-A dairy. Duplicate quart samples were ob- 
tained once during each season from each producer. 
Trials were conducted to measure activity of lactic cul- 
tures in the milk before and after storage. For each 
trial, milk was obtained from two to four producers. 
Samples were taken by aseptic techniques into steri- 
lized quart containers and immediately placed in ice 
water. 


1 Contribution no. 276, Department of Dairy Husbandry, 
and no. 48, Department of Statistics, Kansas Agricultural 
Experiment Station, Manhattan, Kansas. 

2 Lactic starter cultures used in the dairy industry consist 
of mixtures of Streptococcus lactis and the citric acid ferment- 
ing organisms Streptococcus citrovorus and Streptococcus para- 
citrovorus. 
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Milk samples were brought to the laboratory 
promptly where portions were removed for initial test- 
ing. The remainder of each sample was dispensed into 
sterile 1-L flasks and immediately placed in storage. 
Since the primary purpose of the study was to determine 
the effect of bacterial development during storage on 
subsequent lactic culture activity, a storage tempera- 
ture of 10 C was selected. This temperature was con- 
sidered to be sufficiently low to encourage growth of 
psychrophiles and yet give more extensive bacterial 
development than would occur at lower temperatures. 

Storage periods used were 0, 24, and 48 hr measured 
from the time of arrival of samples at the laboratory. 
At each storage period, lactic culture activity in the 
milk was determined by the procedure outlined below. 
Determinations were also made for initial titratable 
acidity. Standard plate counts using tryptone glucose 
yeast agar were made on the samples both before and 
after pasteurizing. Total solids content (gravimetric) 
was determined on each original sample. 

As a check on lactic culture activity and to provide a 
basis of comparison between trials, control milk samples 
were used as a standard. Control milk was made from 
reconstituted nonfat milk solids, previously tested to 
insure absence of inhibitory substances. The same lot of 
powder, held under refrigeration, was used throughout 
the study. Reconstituted milk was prepared to contain 
9.0 per cent solids in sterile distilled water. In each 
trial, the control milk was stored in duplicate lots and 
tested in the same manner as the producer samples. 

In testing lactic culture development in the milk 
initially and after each storage period, the duplicate 
producer samples and control milk were dispensed in 
100-ml quantities into 6-ounce prescription bottles. 
The 100-ml samples were pasteurized in a water bath at 
62.5 + 0.5 C for 30 min. After cooling in water, they 
were held in the refrigerator 3 to 4 hr then tempered to 
21 C and inoculated. 

Two different lactic cultures (designated A and B) 
were used with each lot of milk. Both were multiple 
type mixed strain, widely used commercial cultures’ 
and were propagated in reconstituted, pretested, nonfat 
milk made to 9 per cent solids. Transfers were made 3 
times weekly with incubation at 21 C for 18 hr followed 


3 Obtained from commercial dairy supply laboratories. 
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by refrigeration. Inoculations of milk samples for ac- 
tivity tests were made from cultures transferred the 
previous day. One per cent inoculum was used and in- 
cubation was at 21 C. 

Pasteurizing treatments, amounts of inoculum, and 
incubation conditions were selected as approximating 
methods used in the “long set’? for cottage cheese. 
Titratable acidity determinations were made after 16 
and 24 hr of incubation. After subtracting initial 
titratable acidities, results on the producers’ samples 
were compared with those on the control milk in each 
trial and reported as “activity factors.” 


(sctiviy factor 


_ developea acidity in producer sample 100 
developed acidity in control sample 


The data were analyzed statistically (analysis of 
variance). The multiple comparisons shown in tables 1 
and 2 were made by Dniucan’s New Multiple Range 
test (Duncan, 1955). It was found during the analyses of 
variance that the changes in developed acidity with 
increased storage were not consistently describable as 
linear or quadratic for the different cultures and 
seasons; hence the multiple comparison procedure was 
used. The 5 per cent level of significance is used through- 
out in subsequent statements of significance. 


RESULTS 


Culture activity in milk from the individual pro- 
ducers and as affected by storage and season is sum- 
marized in tables 1 and 2 and expressed as mean ac- 
tivity factors. 

After 16 hr incubation. As indicated by activity fac- 
tors generally, the producer milk samples developed 
less acidity in 16 hr than the control milk (table 1). 
Such reduced activity with milk heated to only 62.5 C 
for 30 min is recognized (Olson et al., 1955). However, 
the results show a definite seasonal difference in this 
respect with winter milk supporting greatest culture 
activity and spring and summer milk giving the least 
activity, particularly with nonstored samples. 

In the fall, storage of milk decreased the mean culture 
activity as measured at 16 hr incubation. With culture 
A the decrease was significant after 24 hr storage and 
with culture B the significant decrease occurred after 48 
hr storage. Conversely, in the remaining seasons, except 
with culture B in the spring, culture activity was greater 
in the stored milk than in the nonstored milk. This in- 
crease sometimes occurred after 24 hr of storage, some- 
times after 48 hr, and.sometimes after both. 

After 24 hr incubation. After 24 hr incubation of in- 
oculated samples, general activity was still greatest in 
the winter milk (table 2). Differences between the other 
seasons were generally less than at 16 hr incubation. 
Differences in mean culture activity associated with stor- 


TABLE 1 
Effect of storage of raw milk at 10 C on subsequent lactic 
culture activity expressed in mean activity factors 
(Incubation for 16 hr after inoculation with lactic 
culture) 


Mean Activity Factor* 


Culture A Culture B 
Season = : 
Storage period, hrt Storage period, hrt 
0 24 48 0 24 48 
Fall 60.3 ssf 50.9 ns§ 54.9 (54.9 ns 52.3 ss 45.2 


Winter | 87.6 ns 87.7 ss 98.5 (70.3 ss 75.9 ns 76.1 
Spring 39.9 ss 47.1 ss 59.5 46.3 ns 43.7 ns 44.0 
Summer 46.3 ns 49.0 ss 61.6 32.0 ss 37.3 ss 41.9 


developed acidity of producer sample 
developed acidity of control sample 
X 100. Values given are means of results on duplicate samples 
of milk from the same 16 producers during each season. 
+ Following arrival at the laboratory. 
t Statistically significant (ss) at or beyond the 0.05 level. 
§ Nonsignificant statistically (ns). 


* Activity factor = 


TABLE 2 
Effect of storage of raw milk at 10 C on subsequent lactic 
culture activity expressed in mean activity factors 
(Incubation for 24 hr after inoculation with lactic 
culture) 


Mean Activity Factor* 


Culture A Culture B 


Season 


Storage period, hrt Storage period, hr¢ 


0 24 48 0 24 48 


| 80.4 nsf 81.9 ns 82.679.0 ss§ 86.5 ns 89.7 
Winter 100.7 ns 102.6 ns 105.397.5 ss 102.9 ns 103.3 
Spring 90.7 ns 89.3 ns 87.082.2 ss 90.9 ss 81.5 
Summer 78.8 ns 77.2 ns 79.273.3 ss 80.4 ns 79.1 


developed acidity of producer sample 
developed acidity of control sample 
X 100. Values given are means of results on duplicate samples 
of milk from the same 16 producers during each season. 

+ Following arrival at the laboratory. 

t Nonsignificant statistically (ns). 

§ Statistically significant (ss) at or beyond the 0.05 level. 


* Activity factor = 


age had disappeared with culture A in all seasons. How- 

ever, with culture B, activity was greater in the stored 
milk in all seasons. The previously noted decrease in 
activity in stored milk in the fall (at 16 hr incubation) 
changed to an increase after 24 hr incubation. The in- 
crease in activity in the spring samples at 24 hr storage 
was not present after 48 hr storage. Although not shown 
in the data, in all seasons there was considerable vari- 
ation in culture activity in milk from individual pro- 
ducers both from standpoints of level of activity and 
effects of storage. In two instances there was definite 


280 T. J. CLAYDON 


TABLE 3 
Log average bacterial plate counts on milk from individual 
producers before and after storage at 10 C during 
different seasons* 


| Storage Period, Hrt 


Season Raw Pasteurized 
48 | o | | 4 
| | 
Fall 22,000 46,000 460,000 | 290 500-570 
Winter 12,000 31,000 | 310,000 490 420 | 540 


Spring 48,000 160,000 4,300,000 890 970 1,400 


Summer 73,000 970,000 58,000,000 960 | 1,400 | 8,200 


* Values are antilogs of log averages for 16 producers. 
+ Following arrival at the laboratory. 


TABLE 4 


Log average bacterial plate counts on reconstituted control 
milk before and after storage at 10 C during 
different seasons* 


Storage Period, Hrt 


Season Unpasteurized Pasteurized 
0 | 48 | 48 
480 53410 650-170 
Winter. ...... 360 200 380 170 140 140 
Spring........ 300 340 1100 160 | 210 400 
Summer...... 250 250 3300 170 | 170 | 210 


* Values are antilogs of log averages for 8 to 12 samples. 
7 Following preparation in the laboratory. 


evidence of inhibitory substances in the original milk, 
which persisted through storage. 

A summary of bacterial counts of the raw milk sam- 
ples at each storage period in each season is presented 
in table 3. As might be expected, the log average count 
at 0 hr storage was lowest in winter and highest in 
summer. Increases during storage were generally in 
accordance with the initial counts and the probable 
stages of logarithmic growth involved. After 48 hr 
storage of summer samples, counts were generally very 
high. The initial titratable acidity on several of these 
samples was between 0.20 and 0.24 per cent. A few 
samples were discarded when they coagulated on pas- 
teurizing. 

Although log average bacterial counts on pas- 
teurized producer samples (table 3) were highest in 
summer and lowest in winter, storage did not greatly 
influence the numbers of organisms surviving pas- 
teurization except when raw milk counts became very 
high. Except for the 48 hr storage period in summer, 
average bacterial counts on pasteurized milk samples 
generally were low. There were occasional exceptions 
in individual samples where thermoduric organisms 
were presumably present. 
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Bacterial counts on the unpasteurized reconstituted 
control milk were low and virtually the same in each 
season (table 4). Although there were some increases 
in bacterial counts after 48 hr storage in spring and 
summer, the numbers still remained low. Counts on 
pasteurized control samples were very low at all times. 

The mean percentage of total solids content of the 
producers milk samples was 12.72 in fall, 12.57 in 
winter, 12.52 in spring, and 12.34 in summer. 


DIscuUSSION 


Since special studies of possible inhibitory flora were 
not made, it was not determined if the slower culture 
activity in stored milk than in nonstored milk during 
the fall resulted from the bacterial flora in the raw 
milk. The relatively small number of organisms present 
makes this rather doubtful. Possibly some enzyme, as 
suggested by Jago (1954), was responsible. On several 
occasions, tests made on stored milk giving reduced 
culture activity indicated that bacteriophage was not 
involved in these cases. 

The frequent and sometimes considerable increases in 
culture activity in stored milk in spring and summer 
may have been due partly to proteolysis resulting from 
extensive bacterial development in the raw milk. Al- 
though no test was made for protein changes, some pro- 
teolysis probably occurred (Allen, 1930). The stimula- 
tory effect of certain protein fractions on lactic culture 
activity has been well established. However, storage 
also resulted in increased culture activity in winter 
milk where bacterial numbers were low and increases 
in counts were small. It may be speculated that some 
natural inhibitory property of milk (Keogh, 1958) was 
diminished by storage. 

Although no data were obtained on flavor changes or 
quality of incubated samples, frequent checking during 
the study indicated that the producer samples stored 
48 hr during winter sometimes had a slightly rancid 
flavor and odor. Although lipolysis might be expected 
to retard lactic culture activity, it was in winter that 
acidity levels were highest, and an increase in activity 
was also associated with storage. 

The high-count, raw milk at 48 hr storage in spring 
and summer, although generally giving greater lactic 
culture activity, frequently ‘had off-flavors that were 
also evident in the incubated, inoculated samples. 
Hence, storage conditions contributing to excessively 
high counts in the raw milk would be undesirable under 
practical conditions. 

Since mean total solids contents of the milk during 
the four seasons were not markedly different, varia- 
tions in the general level of culture activity with season 
probably were not caused by total solids content. 

The fact that, with culture A, significant differences 
occurring at 16 hr incubation were not present at 24 hr 
incubation suggests that if larger inoculations, higher 


19 


in 


od 
ha 

se 
ac 
1¢ 
w 
at 

su 
tu 
in 

or 

In 

th 

lo 
us 

Wi 

es} 

tu 

Wi 

= mi 


‘age 
nter 
ASES 
pme 
was 


or 
ring 
ored 
neid 
ected 
that 
vity 


ring 
ictic 
were 
ples. 
ively 
nder 


aria- 


24 hr 
igher 


1960] RAW MILK STORAGE AND BACTERIAL DEVELOPMENT 281 


incubation temperatures, and shorter incubation peri- 
ods had been used, the differences observed may not 
have been detected. 


SUMMARY 


Milk samples were obtained during four consecutive 
seasons from 16 grade-A producers and tested for lactic 
acid culture activity after 0, 24, and 48 hr of storage at 
10 C. Two widely distributed commercial lactic cultures 
were used. The general level of culture activity as meas- 
ured by mean titratable acidity after 16 hr incubation 
at 21 C was highest in winter and lowest in spring and 
summer. In the fall, storage of milk resulted in a sig- 
nificant decrease in mean activity with both lactie cul- 
tures. In the other seasons, however, storage resulted 
in a significant increase in mean activity except with 
one culture in spring, where storage showed no effect. 
Incubation of inoculated samples for 24 hr modified 
the results in all seasons to some extent. 

Log average bacterial counts of the raw milk were 
lowest in winter and highest in summer. Log average 
bacterial counts on the pasteurized milk samples were 
usually low. However, numbers generally increased 
with increases in counts of the raw milk and were high- 
est in summer when the raw milk had been stored 48 hr. 

It was not demonstrated that changes in lactic cul- 
ture activity associated with milk storage in fall and 
winter arose from bacterial development in the raw 
milk. However, it is suggested that the increases in cul- 
ture activity with storage during spring and summer 


may have been due to some proteolysis caused by the 
extensive bacterial development in the raw milk. 

There was little difference in mean total solids con- 
tent of the milk during different seasons. Hence, total 
solids content probably was not involved in seasonal 
differences in general levels of culture activity. 
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Goldfish have been used extensively as laboratory 
animals in toxicity testing of digitalis, strychnine, and 
diphtheria toxin (Pittenger and Vanderkleed, 1915; 
Pittenger, 1919; Lapenta, 1931). Schiibel (1923) demon- 
strated that several species of fish could be poisoned by 
botulinus toxin dissolved in their aquarium water and 
also when injected intramuscularly. Similar findings 
have been reported for goldfish (Stevenson et al., 1947; 
Cartwright and Lauffer, 1952). The latter authors used 
goldfish to make repeated determinations of the LDs5o 
dose of a single purified preparation of type A botulinus 
toxin. Using intraperitoneal injections of 0.05 ml of 
serial exponential dilutions per fish, they obtained re- 
sults reproducible within a standard deviation of 0.24 
logarithm units in the end point distribution. 

This paper describes the experience of the author in 
employing a goldfish assay modified from that of 
Cartwright and Lauffer (1952) for a study of Clostrid- 
zum botulinum type A extending over a 2-year period. 
It is felt that a discussion of the problems of main- 
taining and employing goldfish as used in this labora- 
tory will prove of value to future workers who may de- 
sire to utilize a relatively inexpensive animal assay for 
the toxin. 


MATERIALS AND METHODS 


Maintenance of stock goldfish. Common goldfish,* 
Carassius auratus, 2 to 3 in. in length and 2 to 4 g in 
weight were kept at room temperature in heavily aer- 
ated 30-gallon tanks of aged tap water, 200 to 250 fish 
per tank. Sand was not placed on the tank bottoms. The 
usual aquarium practices of circulation of water through 
charcoal filters and limiting the amount of food given to 
prevent excessive deposition were dispensed with. 
Filters were found to clog within a few hours. The en- 
suing buildup of fish wastes together with the border- 
line nutritional state of the animals resulting from food 


1 This investigation was supported in part by a grant-in-aid 
from the Sigma Xi-RESA Research Fund and a Science 
Faculty Fellowship awarded to the author by the National 
Science Foundation for the academic year 1958-59. 

2 Portion of a dissertation presented by the author as partial 
fulfillment of the requirements for the Ph.D. degree at the 
University of Pittsburgh. 

3 Purchased from the Flowing Well Goldfish Farm, Grove 
City, Pennsylvania. 
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limitation was found to predispose the fish to severe 
outbreaks of tail rot and wasting disease with conse- 
quent losses of as many as 200 to 300 fish within a few 
days. 

Cleaning of tanks was accomplished daily by siphon- 
ing off the sediment together with about one-half of the 
water. A line of submerged glass butter dishes was 
arranged as baffles down the entire length of the tanks 
14 to 14 of the distance from the front to the back of 
each aquarium. When air diffuser stones were placed at 
the extreme rear, circulation of water from back to 
front over the baffles encouraged sedimentation and 
subsequent easy siphoning. The waste water was re- 
placed by running in tap water from glass storage tanks 
where it had been standing for 3 days to allow for chlo- 
rine dissipation and temperature equilibration. 

This relatively effective method of waste removal 
made it possible to disregard excessive food sedimenta- 
tion and made it easy to maintain the nutritional state 
of the fish at a high level by systematic over-feeding. 
The animals were fed 4 to 5 times daily with a varied 
diet of prepared goldfish food,’ ground dried shrimp,’ 
and ground rabbit food,* supplemented every 4 days 
with ground frozen fresh shrimp. Floating plants 
(Elodea and Cabomba species)* were provided on which 
the goldfish were seen to feed with beneficial results. 
Under these conditions, it was possible to keep and 
have on hand a large stock of healthy fish, winter and 
summer, with negligible losses from disease. 

Assay equipment. Small, unaerated 3-gallon aquaria, 
designated “dilution” tanks, were employed to hold in- 
jected fish, each tank holding five fish which had re- 
ceived a single dilution dose. Because of the strong tem- 
perature-dependence of the end points (Cartwright 
and Lauffer, 1952), the temperature in the small dilu- 
tion tanks was always adjusted to 30 C, one degree 
higher than the highest expected summer room tem- 
perature. All tanks were calibrated to hold an equal 
volume of water when filled about 40 per cent full. A 
25-watt submergible aquarium heater® was placed in 
each tank. Temperature control was accomplished by 
plugging these heaters into an immersion type labora- 


4 Purina Rabbit Chow Checkers, Ralston Purina Company, 
St. Louis, Missouri. 
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tory thermoregulator or aquarium thermostat® placed 
opposite the heating unit in the center dilution tank of 
a row of five or six. Excessive stratification of heated 
water was apparently prevented by the shallowness of 
the water as well as the movements of the injected fish. 

Prior to the assay date, the required number of stock 
fish were temperature-acclimated in a separate 30-gallon 
aerated tank equipped with a 150-watt heater-thermo- 
stat combination by raising the temperature 3 C every 
24 hr until a temperature of 30 C was reached. Small 
dilution tanks were filled with fresh tap water and run 
up to 30 C 1 day before use. About 1 hr before they were 
to receive injected fish, a half pint of water from an in- 
habited stock tank was added to each dilution aquarium 
to “condition” the water. This seemed to decrease bac- 
terial clouding and surface foam during the time in- 
jected fish were in the tanks. Daily evaporation losses 
in the dilution tanks were made up by adding aged tap 
water to the calibration mark. 

Microbiolegical methods. A highly toxigenic Hall strain 
culture of C. botulinum type A® was carried in frozen 
stock culture according to the method of Duff et al. 
(1957). 

The medium used for toxin production was essentially 
similar to that used by Duff et al. (1957), except that 
buffered and unbuffered versions were made up to con- 
form with an experimental design pertaining to other 
studies of C. botulinum then underway in the laboratory. 
In the buffered version, a 0.1 m buffer mixture composed 
of 342.0 ml of 0.1 mM NasHPO, and 658.0 ml of 0.1 M 
KH2PO, was substituted for 1000.0 ml of distilled water. 
The unbuffered version was made up with 980 ml dis- 
tilled water and 20.0 ml of the buffer mixture. Both 
media had final pH values of 6.3 to 6.5 before inocula- 
tion. 

Three preliminary serial transfers, at 24-hr intervals, 
were made in preparing an inoculum from frozen cul- 
tures for the toxin-production medium. One ml of 
thawed frozen culture was introduced into 10 ml of the 
boiled, cooled media to which were added 0.50 g of 
sodium thioglycolate and 0.75 g Bacto’ agar per L of 
medium to overcome the initial oxygen sensitivity of 
the frozen cultures. Two subsequent transfers were 
made in media without added thioglycolate and agar. 
All transfers were made in media equivalent to that 
to be used in toxin production. A 35 C incubation tem- 
perature was used for preliminary transfers and toxin- 
production tests. 

Botulinum cultures from the third preliminary trans- 
fer were centrifuged and the cells washed 3 times with 
10-ml volumes of sterile medium equivalent to that in 


* Purchased from Aquarium Stock Company, New York, 
New York. 

° Obtained through the courtesy of Mr. Matteo Cardella, 
Fort Detrick, Frederick, Maryland. 

7 Difeo Laboratories, Inc., Detroit, Michigan. 


which they were grown. They were resuspended, their 
numbers determined by optical density measurements 
in the Coleman Jr. spectrophotometer (model 6A)* at 
665 my, and 22 million cells per ml were planted into 
l-in. serew-capped tubes containing 50 ml of medium. 
Each tube was fitted with three 6-in. pieces of capillary 
tubing to minimize bubbling during evacuation of air. 

The inoculated tubes were mixed and then placed in 
a vacuum desiccator equipped for producing anaerobio- 
sis by the method of Parker (1955), employing Grade 
00 steel wool as the oxygen-absorbing agent in an at- 
mosphere of 1.4 per cent CO, provided by saturated 
MgCO;-NaHCO; solution. The desiccators were evacu- 
ated by water aspirator with intermittent jarring at 5- 
to 10-min intervals to free dissolved oxygen from the 
media. When bubbling was no longer visible (usually 
about 1 hr), the desiccator valve was closed, and the 
container was incubated for 4 days until lysis of cul- 
tures was virtually complete. 

Pools of equal aliquots from each of three 50-ml cul- 
tures were centrifuged in sterile polyethylene tubes for 
about 1 hr at 20,000 X g in a Servall type SS-1a Super- 
speed Angle Centrifuge* kept in the refrigerator. Log- 
arithmic dilutions of the supernatants were made in 
9.0-ml dilution blanks of a solution of 0.2 per cent gela- 
tin in a buffer mixture identical to that used in the 
buffered medium. The diluent was kept in an ice bath at 
1 C before, during, and after dilution of the toxic super- 
natants, and during the injection of goldfish, to prevent 
loss of toxicity. 

The assay method. Five fish were injected with each 
toxin dilution as described by Cartwright and Lauffer 
(1952) and placed in the prepared dilution tanks. The 
injected fish were observed for 96 to 120 hr after re- 
ceiving the toxic dose. The injected fish were fed daily 
with quantities of food sufficient for their maintenance 
with no excess food remaining. Dead fish were removed 
as soon as possible to prevent fouling of the aquarium. 
The 50 per cent mortality doses were calculated by the 
method of Reed and Muench (1938) at the end of 36 
hr and after deaths from botulism symptoms had largely 
ceased. 


RESULTS 


Table 1 shows the results of a typical experiment con- 
cerning the effect of toxic filtrate concentrations on 
mortality ratios in which the end point was 4.5. 

The results of 12 assays are summarized in table 2. 
The objective of these experiments was toarrive at an 
observation time interval following injection of fish 
within which optimal reproducibility and sensitivity 
for the toxicity test could be obtained. No deaths oc- 
curred in the majority of experiments after 72 hr fol- 
lowing administration of the toxic doses, only one 


8 Coleman Instruments, Inc., Maywood, Illinois. 
® Tvan Sorvall, Inc., Norwalk, Connecticut. 
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death having occurred after this period. In only two 
instances was a death found to occur after 65 hr. The 
50 per cent lethal doses, expressed as logarithms of the 
concentrations at 72 hr after injection, were found to 
have a mean value of 4.4 with a standard deviation of 
about 0.30 logarithm units. This indicates an end point 
reproducibility within about a 2- to 3-fold concentra- 
tion of toxic supernatant under the conditions of the 
experiment. At 36 hr after injection, the LDso doses 
showed a mean value of 4.0 with a standard deviation 
of about 0.38 logarithm units. 

No significant difference in toxin production was 
noted between cultures grown in the buffered medium 
and those in the unbuffered version. 


TABLE 1 


Effect of toxic botulinum supernatant concentration on 
mortality ratios of goldfish observed for 72 hr after 


injection 
Dilution 

0:5 
Antitoxin control* receiving toxin dilutions of: 

Toxin dilutions: 


* Received 0.05 ml of type A antitoxin containing 150 anti- 
toxin units per ml, generously supplied by Jensen-Salsbery 
Laboratories, Inc., Kansas City, Missouri. The antitoxin was 
injected intraperitoneally 48 hr before challenge by toxic 
filtrate. 


F. D. CRISLEY 


[voL. 8 


Control fish injected with type A antitoxin survived 
with no apparent ill effects at lethal dilutions of 10~ 
and 10-*. At 10, however, there were usually a few 
deaths among protected fish. 


Discussion 


Examination of the data indicates that adoption of a 
72-hr end point resulted in optimal sensitivity and re- 
producibility of the goldfish assay. The difference be- 
tween 3 day results and those at 36 hr, the end point 
used by Cartwright and Lauffer (1952), appears large 
enough to be of definite significance, and would prob- 
ably be even more important in assays of botulinus 
supernatants of low toxicity, or in initial determinations 
on cultures of unknown or uncertain toxigenicity. 
Cartwright and Lauffer did not have to consider such 
preparations in their measurements of a purified toxin. 
It is felt that the reproducibility of the present crude 
culture assay compares quite favorably at 72 hr with 
that of Cartwright and Lauffer when the nature of the 
toxic material and the number of fish used per dilution 
are considered. 

Cartwright and Lauffer designed their assay to ex- 
clude all deaths occurring during the first 12 hr as ‘‘non- 
specific.”’ Cartwright (personal communication) later 
pointed out that this was quite an arbitrary choice, no 
attempt having been made to test it experimentally, 
and that it was intended to exclude injured fish from the 
calculations. Observation of buffer controls in the pres- 
ent experiments indicated that only about 2 to 3 per 
cent of such injected fish died from injury received 
during injection when reasonable care was exercised. 
These injuries were usually apparent within about 1| to 
2 hr after administration of toxin and it was an easy 
matter to discard such injured animals from the calcu- 
lations. Accordingly, no initial cut-off period for non- 
specific deaths was thought necessary. 


TABLE 2 
Accumulated deaths of goldfish at various time intervals following injection of diluted ioxic 96-hr culture supernatants of 
Clostridium botulinum type A 


| Total Deaths from Botulinum Poisoning in All Dilutions at Hr: LDso at Hr: 
Lowest Dilution 
| Used in the Series | l | | | | 
12 | 18 24 36 48 65 | 72 96 120 36 72 
Buffered | wo | w | w | w | 19 } 19 | 2 | 2 | a2 | 2 | 40 | 47 
107 0 | 12 | 4 | | | 15 15 15 4.3 4.5 
107 10 il 12 15 4.0 4.3 
5 6 | 7 7 — 3.6 | 3.8 
Unbuffered 1071 13 16 19 | | | @ | 22 | on i 
1071 13 14 15 5 | 21 2 | 2 3.5 5.0 
7 | 4 8 9 | 0 | 3B 13 — | 35 | 42 
10-2 4 8 11 12 | 13 4.3 
10-3 4 7 ll 11 4.6 4.6 
5 5 8 8 8 8 4 4.2 
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The occurrence of some deaths among antitoxin pro- 
tected controls at dilutions of 10~' could indicate that 
toxic concentrations were great enough to overwhelm 
passive immunity in the fish or that nonspecific deaths 
had occurred resulting from the presence in supernatant 
of toxic substances other than the neurotoxin. Such 
poisonous substances were found in massive doses of 
filtrates of both toxic and atoxic C. botulinum, Clostrid- 
ium sporogenes, Clostridium tetani, and Proteus cul- 
tures when they were injected into mice (Bronfen- 
brenner ef al., 1921). These toxic filtrate constituents 
probably include ammonia salts (Bronfenbrenner and 
Schlesinger, 1922). The possible effects of such sub- 
stances on goldfish should be validated by further work, 
and comparison of results against those in protected 
fish is indicated where the end points are likely to be 
in ranges of very low dilutions. This was not felt to be 
pertinent in the present experiments since only rarely 
did deaths occur in protected fish at supernatant dilu- 
tions as high as 10~°. 

The extreme temperature dependence of the end 
points (Cartwright and Lauffer, 1952) necessitates 
accurate temperature control in dilution aquaria. The 
use of submergible heaters operated from immersion 
thermostats is felt to be quite satisfactory for most pur- 
poses, but a much better system would involve placing 
all dilution tanks in a well controlled walk-in incubator 
or aquarium room. Such facilities of sufficient capacity 
were not available for the present work. The effi- 
ciency of temperature regulation in the present. experi- 
ments was generally in the order of +0.4 C when opti- 
mal quantities of water were used in tanks and heaters 
were positioned for maximal water circulation. How- 
ever, the system did exhibit occasional minor fluctua- 
tions from the usual range. It is therefore felt that re- 
producibility might have been improved if a proper 
aquarium room had been used. The use of larger num- 
bers of fish for better reproducibility is also recom- 
mended if the approximate end point is known, and 
fewer dilutions need be employed. 

Injected fish kept at low temperatures may fail to 
exhibit toxic symptoms (Cartwright, personal com- 
munication). For this reason it seems wise to carry out 
the assay at room temperature or higher. In the present 
experiments, no significant ill effects on goldfish were 
apparent even after many days at 30 C if they were 
properly acclimated. 
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SUMMARY 


A goldfish assay has been employed to measure the 
toxicity of crude supernatants of a culture of Clostrid- 
zum botulinun type A. When serial exponential dilu- 
tions were employed and five fish were injected per di- 
lution and then were observed at 30 C for 72 hr, the end 
point distribution was found to have a standard devia- 
tion of about 0.30 logarithm units. 

Simple methods for the maintenance of a healthy 
stock of goldfish for routine assays of botulinum cultures 
have been described. 
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Diacetyl has been associated with the ‘buttermilk 
off-flavor’” sometimes found in orange juice and in 
frozen concentrated orange juice. Bacteria of the Lacto- 
bacillus and Leuconostoc genera have been identified 
as causative agents of this type of spoilage (Hays, 1951; 
Hays and Riester, 1952; Murdock et al., 1952, 1953; and 
Hill et al., 1954). Growth rates of these spoilage organ- 
isms have been investigated by Barreto (1953) and 
Rushing ef al. (1956). Witter (1956) reported a Lacto- 
bacillus species capable of diacetyl production at a rate 
of 2.5 ppm per hr per million organisms per ml in a con- 
tinuous culture system. This means that it would take 
10,000 organisms per ml 4 hr to produce 0.1 ppm. This 
amount is well below the flavor threshold in orange 
juice (Hill et al., 1954). In any case, generation times 
were found to be insufficient for spoilage to occur in the 
juice or concentrates in the evaporator unless relatively 
static films or pockets of juice existed (Rushing et al., 
1956). Other factors favoring diacetyl] accumulations 
could be high initial populations, especially of efficient 
diacetyl producers, or recirculation of the juice in the 
evaporators. Christensen and Pederson (1958) found 
citric acid to be essential for diacetyl production by 
some strains of lactic acid bacteria, and in all species 
studied, found that diacetyl production in low sugar 
medium was enhanced by citric acid. 

The present investigation was undertaken to clarify 
some of the factors influencing the accumulation of 
diacetyl in citrus juice products. Conditions were kept 
within normal limits of pH, concentration of nutrients, 
and temperatures encountered in the processing of 
orange juice concentrates. 


MATERIALS AND METHODS 


Cultures. Four species of lactic acid bacteria isolated 
from frozen concentrated orange juice showing butter- 
milk off-flavor spoilage were used in these studies. 
Most of the results reported were obtained with Lacto- 
bacillus brevis. In certain of the experiments, Lacto- 
bacillus plantarum var. mobilis, Leuconostoc mesenter- 
oides, and Leuconostoc dextranicum were also employed. 
The history of these strains was previously reported 


1 One of the laboratories of the Southern Utilization Re- 
search and Development Division, Agricultural Research 
Service, U. S. Department of Agriculture. 


(Rushing et al., 1956). Inoculation was usually from 
orange serum broth, and in the more definitive experi- 
ments, inoculation was with washed cells which had 
been adjusted to 40 per cent transmittance at 530 mu 
on the Lumetron model 401 colorimeter.?: * The inoeu- 
lum was 1 per cent of the volume of the medium. In 
certain experiments, inoculation was from nutrient 
broth or Micro Inoculum Broth (Difeo).‘ 

Fermentation media. The media used varied with the 
objective of the experiment. To determine the relative 
efficiency of diacetyl accumulation under commercial 
evaporator conditions in which one species may pre- 
dominate in a mixed culture, nonsterile partially con- 
centrated orange juice was the medium. Concentrated 
Valencia orange juice without added oil or cutback juice 
was diluted to 20° Brix with distilled water and the pH 
adjusted to 3.8 with NaOH. The titratable acidity before 
pH adjustment was 2 per cent, expressed as citric acid. 
This uniform batch of juice was divided into four por- 
tions. Three were inoculated with L. brevis, L. plan- 
tarum var. mobilis, and L. mesenteroides, respectively. 
The fourth was retained as a control.- The inocula were 
grown in orange serum broth and the centrifugally 
sedimented cells used to give an initial population level 
of about 6 to 8 million per ml of the well mixed medium. 
Each portion was sealed into 4-ounce cans and ineu- 
bated at 4 to 5 C. One can of each was removed initially 
and daily for 11 days for plate counts and diacetyl de- 
terminations. 

Nutrient broth was used as the basal medium to de- 
tect possible diacetyl precursors among the major com- 
ponents of orange juice. This was supplemented with 
glucose, fructose, sucrose, citric acid, or ascorbic acid 
for this purpose. It was also supplemented with malic 
acid and with succinic acid to determine whether or not 
the Krebs cycle was directly involved in diacetyl syn- 
thesis. In an effort to gain some insight into the nature 
of the enzymes involved in diacetyl synthesis, this basal 
medium was supplemented with citric acid and treated 
with certain enzyme inhibitors or with methyl ethyl 


2 The mention of trade products does not imply that they 
are recommended by the Department of Agriculture over 
similar products not mentioned. 

3 Will Corporation, Buffalo, New York. 

4 Difco Laboratories, Inc., Detroit, Michigan. 
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ketone as a possible competitive inhibitor. Comparisons 
of the relative efficiency of citric acid and pyruvie acid 
as diacetyl precursors were also made with nutrient 
broth as the basal medium. Inocula were from nutrient 
broth or orange serum broth in these experiments. 

The synthetic medium of Lyman et al. (1956) was 
used to determine the effect of added citric acid at levels 
up to 4 per cent on diacetyl accumulation. In each 
case, glucose was added as required to maintain total 
nutrients at the same level. This medium was prepared 
double strength, adjusted to pH 3.9, and sterilized in 
bulk. The cooled medium was inoculated with washed 
cells in distilled water at a level of 2 ml cell suspension 
per 100 ml double strength medium. Cell density in the 
inocula was controlled turbidimetrically as indicated 
above. After mixing, the inoculated double strength 
medium was dispensed in 5-ml portions into sterile 
screw-capped tubes. Dilution was with 5 ml per tube of 
sterile mixtures of glucose and citric acid, adjusted to 
pH 3.9 with NaOH. Citrate concentrations were 0.1, 
1.0, 2.0, 3.0, and 4.0 per cent. Incubation was at 21 C. 
Diacety! determinations and plate counts were made 
initially and at 8-hr intervals for at least 5 days. 

Other experiments designed to determine the effect 
of citric acid concentrations on diacetyl accumulation 
were carried out in filtered orange juice. This orange 
serum was prepared by filtration with diatomaceous 
filter aid of a single lot of freshly extracted Valencia 
orange juice. Total organic acids was determined to be 
1.0 per cent by titration between the limits pH 2.0 to 
7.8. This was considered to be entirely citric acid in 
adjusting total citrate levels, since it is known that only 
minor amounts of other acids occur in the juice of 
mature oranges (Braverman, 1949). Citrate levels were 
adjusted to 1.0, 2.0, 3.0, and 4.0 per cent. Appropriate 
amounts of sucrose were added in each case to keep the 
total available nutrients at the same level. The pH was 
adjusted to 3.8 with NaOH and the supplemented juice 
sterilized in flowing steam at 100 C for 30 min. The 
cooled media were inoculated with washed cells of L. 
brevis, mixed thoroughly, and dispensed in 10-ml por- 
tions into sterile, serew-capped tubes. Incubation was at 
21 C. Diacetyl determinations and plate counts were 
made initially and daily. 

Plate count medium. Commercial orange serum agar® 
was used to determine all population levels. Lacto- 
bacillus colonies were counted after 48 hr incubation at 
30 C and Leuconostoc colonies after 24 hr at 21 C. na 
few cases when counts could not be made at the proper 
time, the plates were stored in a refrigerator overnight 
and counted the next day. 

Diacetyl determinations. When the volume of medium 
was sufficient, diacetyl was concentrated from 100 ml 


Products from both Difeo and Baltimore Biological 
Laboratory, Inc., Baltimore, Maryland, were used in this 
investigation. 
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Figure 1. Growth and diacetyl accumulation in unsterilized, 
concentrated orange juice at 20° Brix. 


of fermentation medium by the distillation method of 
Byer (1954) and diacetyl determined in an appropriate 
dilution of the distillate by the method of Hill et al. 
(1954). A micro modification was devised for the test 
tube scale experiments. In these cases, 5 ml of fermenta- 
tion mixture were introduced into a micro-Kjeldahl still, 
diluted with 10 ml distilled water, 10 ml distillate col- 
lected, and diacetyl determined as above. The diacetyl 
content of the medium was determined in both cases 
from calibration curves prepared in the same manner 
from known concentrations in water of freshly distilled 
diacetyl. 
RESULTS 

Marked differences in the ability of the different 
organisms to accumulate diacetyl were observed in 20° 
Brix orange concentrate which had not been sterilized 
prior to inoculation. In all cases, 11 days of incubation 
were sufficient to permit populations to rise to a maxi- 
mum and begin to decline. In figure 1, it is shown that 
under these conditions, L. brevis accumulated more 
diacetyl (360 ppm) than either of the other two species 
or the control. Diacetyl reached 50 ppm with L. 
mesenteroides and 43 ppm in the nonsterile inoculated 
control. With L. brevis, L. mesenteroides, and the con- 
trol, the diacetyl peak corresponded with the midpoint 
of the logarithmic phase of the growth curve. Both 
population and diacetyl accumulation curves were 
atypical with L. plantarum. Since L. brevis produced 
more diacetyl than did the other species, it was selected 
for more detailed study. 

It was found that. nutrient broth would support the 
growth of L. brevis without the production of more 
than traces of diacetyl. Addition of glucose, fructose, or 
sucrose did not increase diacetyl production ap- 
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Figure 2. Maximal plate counts and diacetyl accumulation 
in synthetic medium inoculated with Lactobacillus brevis as a 
function of citric acid level. 


preciably. Ascorbic acid was also inactive. The addition 
of either citric or pyruvic acid to nutrient broth sup- 
plemented with one of the sugars resulted in substantial 
diacetyl accumulation. When supplied at equal carbon 
levels, these two acids were equivalent as diacetyl pre- 
cursors, with the peak of the diacetyl curve coming 
slightly earlier with pyruvic acid. Since no diacetyl 
accumulated in unsupplemented nutrient broth, no 
amino acids were tested as diacetyl precursors. 

The activity of two compounds related to the Krebs 
cycle suggested that other acids associated with this 
system might also be effective precursors of diacetyl. 
However, addition of neither malic nor succinic acid re- 
sulted in diacetyl accumulation in nutrient broth me- 
dium. Inhibitors of Krebs cycle enzymes (or of other 
enzymes), among them malonate, fluoride, iodoacetate, 
cyanide, and 8-propiolactone failed to inhibit preferen- 
tially either growth or diacetyl accumulation. Methyl 
ethyl ketone added to nutrient broth failed to act as a 
competitive inhibitor either of diacetyl synthesis or 
catabolism. The ability of the organism to couple aro- 
matic analogues of pyruvic acid or of acetaldehyde to 
form acetoin or diacetyl or analogues thereof was not 
tested. 

Although nutrient broth was a suitable fermentation 
medium for these experiments, it was not suitable as a 
medium for carrying stock cultures, since the organism 
lost its capacity to produce diacetyl from citrate after 
several transfers on this medium. This ability was re- 
gained on transfer through a citrate containing medium. 

Lactobacillus plantarum also grew acceptably on nu- 
trient broth, but produced large amounts of diacetyl 
in the absence of both preformed citrate and pyruvate. 
Similar results were obtained on Lyman’s medium. In 
fact, no medium was found during this investigation in 
which L. plantarum would grow without the production 
of substantial amounts of diacetyl. Nutrient broth 
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failed to support the growth of the Leuconostoc species 
at the pH of orange juice. 

The synthetic medium of Lyman et al. (1956) recom- 
mended for L. mesenteroides failed to support the growth 
of either L. mesenteroides or L. dextranicum when used 
at the pH of orange juice (3.8 to 4.0), although both 
grew well at pH 6.8. Lactobacillus plantarum grew well, 
but also produced substantial amounts of diacetyl, 
whereas L. brevis grew well, but produced no diacetyl 
in the absence of citrate or pyruvate. When L. brevis was 
grown on this medium supplemented with citric acid 
and glucose, and maximal diacetyl accumulation was 
plotted against citrate concentration, it was found that 
a straight line resulted (figure 2). At 0.1 per cent citrate, 
maximal diacetyl was found at 40 hr. At the higher 
citrate concentrations, maximal diacetyl occurred at 80 
to 88 hr. In all cases, the time required to reach maximal 
population was about 50 per cent longer than that re- 
quired to reach maximal diacetyl. Maximal population 
also showed a straight line relationship to concentra- 
tion of citrate. 

In the early stages of incubation of L. brevis on all 
media, the pH tended to rise about 0.2 units at the 
higher citrate levels, apparently due to metabolism of 
citric acid. In the later stages, the pH decreased to 
values as low as 3.5 or 3.6 probably because of lactic 
acid synthesis, although lactic acid was not actually 
determined. 

The apparent utilization of citric acid for growth by 
L. brevis was checked by an additional experiment with 
Lyman’s synthetic broth as the basal medium. In this 
case, the citrate content was held at 2 per cent and the 
total sugar content was increased from the 4 per cent 
glucose of the basal medium to approximate that of 
single strength orange juice by adding an additional 7 
per cent of sucrose. The pH was adjusted to 3.9. It was 
anticipated that some inversion of sucrose would oceur 
during autoclaving, but the amount was not de- 
termined. Sucrose was added instead of glucose to more 
nearly approach the approximately 1:1 reducing sugar 
to sucrose ratio of orange juice. Plate counts with the 4 
per cent glucose broth indicated a maximal population 
of 430 million per ml. At 11 per cent total sugar the 
maximal population was 390 million. With 4 per cent 
sugar the maximal diacetyl was 202 ppm, and at 11 per 
cent total sugar it was 220 ppm. The deviations were 
within experimental error. 

When filtered orange juice as the basal medium was 
supplemented with citrie acid and sucrose, a straight 
line relationship was observed between citrate concen- 
tration and both diacetyl accumulation and_ plate 
counts, similar to results with synthetic medium, but 
with different slopes. The results are presented in fig- 
ure 3. 

A comparison of the results obtained with the syn- 
thetic medium and with the supplemented orange 
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Figure 3. Maximal plate counts and diacetyl accumulation 


in filtered orange juice inoculated with Lactobacillus brevis as a 
function of citric acid level. 


TABLE 1 


Maximal populations of Lactobacillus brevis and maximal 
diacetyl accumulations as a function of citrate level 


| Filtered Grange Juice Synthetic Broth 
Citric Acid 

| Count* Diacetyl Count* | Diacetyl 
0.0 | 108 Trace 
0.1 | 45 15.3 
1.0 64 62 | M43 | 124 
2.0 157 | 215 430 | 202 
3.0 282 375 | 550 | 270 
4.0 | 360 | 445 | 730 | 360 


| | 


* Millions of colonies per ml sample. 


juice medium (table 1) indicates that the growth of 
L. brevis was much better in the synthetic medium. At 
1 per cent citrate level, this organism caused the ac- 
cumulation of less diacetyl in the orange juice medium 
than in the synthetic medium. At the 4 per cent level, 
which is approximately that of frozen concentrated 
orange juice, diacetyl accumulation was greater in the 
orange juice medium. Thus, in orange juice medium, 
diacetyl accumulation is more affected by citrate level 
than in the synthetic medium. 


DiscussioN 


It is apparent from the results of this investigation 
that the mechanism of spoilage of frozen concentrated 
orange juice through the synthesis of diacetyl by lactic 
acid bacteria is complicated. The mechanism of syn- 
thesis and the maximal diacetyl accumulation in a 
mixed population is dependent upon the species of bac- 
teria which predominates. Lactobacillus brevis was an 
efficient producer of diacetyl, but was unable to pro- 
duce it in the absence of citrie acid. Pyruvie acid, an 
alternate precursor, is absent in orange juice. Lacto- 
bacillus plantarum var. mobilis, on the other hand, was 
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able to produce diacetyl in substantial amounts in any 
medium in which it would grow. 

With L. brevis, maximal diacetyl accumulation was 
found to show a linear relationship to citrate level in 
media in which total nutrients were kept constant by 
the appropriate addition of either glucose or sucrose, 
further demonstrating that citrie acid is the diacetyl 
precursor in orange juice for this organism. The obser- 
vation that maximal cell populations of this organism 
also bear a linear relationship to citrate concentration 
suggests that the strains used in this investigation can 
use citrate in preference to sugars for growth. This 
hypothesis was confirmed by the observation that 
maximal populations were not changed by increasing 
the sugar level, while keeping the citrate level constant. 
That citrate is consumed is suggested by the fact that 
the pH of the rather strongly buffered media used rises 
in the first few days of incubation, and then falls. The 
drop in pH would be expected, due to the production of 
lactic acid by these organisms. 

The results of this investigation suggest that there 
may be a fundamental difference in the mechanism of 
diacetyl synthesis by L. brevis and by L. plantarum. 
There are considerable experimental data in the litera- 
ture which suggest a probable mechanism of synthesis 
of diacetyl (or of its precursor, acetylmethylearbinol) 
from pyruvie acid, for example Kobayashi and 
Kalnitsky (1954). It may be that L. plantarum is able 
to synthesize a sufficiently high concentration of 
pyruvic acid from a wide variety of carbohydrate or pro- 
teinaceous substrates to satisfy its metabolic require- 
ments while leaving an excess for diversion to diacetyl. 
Diacetyl may function as a stored energy food since it 
is utilized in the later stages of the growth of the cul- 
ture. It may be also that diacetyl synthesis is part of 
the defensive mechanism of the organism to minimize 
competition from other species, since it has been shown 
by Hedgecock and Cohn (1954) that diacetyl has an 
inhibitory effect on certain other organisms. Lacto- 
bacillus brevis, on the other hand, is able to use only 
citric acid among the major components of orange 
juice for diacetyl synthesis. Whether or not this organ- 
ism produces diacetyl from citrate by way of pyruvic 
acid, which is also an effective substrate, is not known. 
Pyruvic acid can arise by decarboxylation of oxalacetic 
acid. That oxalacetate does not arise by the normal 

functioning of the Krebs cycle as part of the mechanism 
of diacetyl synthesis is indicated by the fact that neither 
succinic acid nor malic acid were observed to serve as 
diacetyl precursors. Another possibility has been sug- 
gested by Bartley et al. (1959) for the formation of 
oxalacetate from citrate with acetyl coenzyme A as 
the other product. If this reaction can occur in cultures 
of L. brevis as well as in rat liver, it appears possible 
that two of these acetyl radicals may couple to produce 
diacetyl directly, or one may couple with pyruvate 
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from another source to yield diacetyl by way of a- 
acetolactate as an intermediate. These possible mecha- 
nisms have not yet been investigated. The possibility 
that pyruvic acid is not involved is suggested by the 
observations that such sources of pyruvate as carbohy- 
drates and the glycogenic amino acids were not pre- 
cursors of diacetyl under the experimental conditions 
reported. This is also suggested by the fact that the 
diacetyl synthesizing enzyme system is adaptive. When 
L. brevis is grown for several transfers in a medium 
lacking citrate, the culture loses its capacity to accumu- 
late diacetyl. This ability is regained on transfer 
through citrate-containing medium. 

The results of this investigation suggest that there 
may be unidentified growth factors or accessory factors 
in orange juice. This is suggested by two observations: 
the inability of the Leuconostoc to grow at the pH of 
orange juice (3.8 to 4.0) in the synthetic medium tested 
or in nutrient broth, although they grow reasonably 
well in orange juice; and the increased ability of L. brevis 
to accumulate diacetyl in orange juice medium as con- 
trasted with synthetic medium at the same pH and 
citrate level. 


SUMMARY 


Marked differences were found in the capacity of 
certain lactic acid organisms to produce buttermilk 
off-flavor (diacetyl) spoilage in frozen orange concen- 
trates. Lactobacillus brevis produced diacetyl and growth 
in direct relationship to the amount of citric acid in the 
medium when total nutrients were maintained constant. 
The enzyme system producing diacetyl was adaptive, 
and diacetyl accumulates only when the strain is carried 
on citrate-containing medium. Of the major constituents 
of orange juice, only citric acid was found to be a pre- 
cursor of diacetyl for this species. No medium was found 
in which Lactobacillus plantarum var. mobilis would 
grow without producing substantial amounts of di- 
acetyl. Both Leuconostoc mesenteroides and Leuconostoc 
dextranicum produced diacetyl in orange juice medium, 
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but would not grow in synthetic or semisynthetic media 
at the pH of orange juice (3.8 to 4.0). 
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II. Oxygen Requirements of Saccharomyces fragilis Growing in Whey Medium 
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Availability of oxygen is one of the most important 
factors controlling the growth of microorganisms. The 
oxygen demand of the microorganism is also an im- 
portant consideration. Oxygen demand may be affected 
by the age and physiological state of the cells, the car- 
bon source, the storage of reserve food material, and 
by the enzymic complement of the organism. Thus, for 
the successful economical propagation of microorgan- 
isms, oxygen requirements under the particular growth 
conditions must be known. 

The peak oxygen demand of a culture describes the 
minimal quantity of oxygen that must be supplied to 
the organisms at the time of greatest activity. Insuffi- 
cient oxygen may result in lower yields or longer propa- 
gation periods. However, few reports in the literature 
present peak oxygen demands of microorganisms or 
supply the proper data to allow the calculation of this 
value. Finn (1954), in his review on aeration and agita- 
tion, lists several studies from which such determina- 
tions were made. lor bacteria and molds, the peak de- 
mands ranged from 0.017 to approximately 0.83 mm 
O. per L medium per min (Eckenfelder, 1952; Shu, 
1953). Yeast oxygen demand appears to be more vari- 
able. Maxon and Johnson (1953) and Hixon and Gaden 
(1950) reported peak oxygen demands of 0.17 to 0.25 
mo per L per min in yeast grown in poor media or under 
limiting conditions. Maxon and Johnson (1953), how- 
ever, showed that in a rich medium with adequate 
aeration, the peak oxygen demand was 4.8 to 5.7 mm 
O. per L per min. From the data in a recent paper 
(Strohm et al., 1959), the peak oxygen demand is calcu- 
lated to be a little less than 2.5 mm Oy per L per min for 
bakers yeast. 

This paper reports the determination of the peak 
oxygen demand of Saccharomyces fragilis growing in 
whey medium. 


MATERIALS AND METHODS 


The yeast was grown as described previously 
(Wasserman ef al., 1958) in a medium of raw whey 
(cottage cheese), 0.5 per cent ammonium sulfate, 0.5 
per cent dipotassium phosphate, and 0.1 per cent yeast 

1 Eastern Utilization Research and Development Division, 
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extract. The addition of these salts raised the pH to 5.6, 
the value at which best growth occurred. The tempera- 
ture was maintained at 32 + 1 C. The propagator was 
an all glass column 314 in. in diameter and 12 in. high 
with a total capacity of 1.5 L. Agitation was effected 
by a 2-in. diameter, 6-vaned disc rotating at 3,000 rpm. 
Metered air, entering an opening centered under the 
agitator, supplied oxygen to the 500 ml of medium used 
in the study. The effluent air was collected at a vent in 
the aluminum cover plate and led to a Beckman Oxygen 
Analyzer model C.? The oxygen content of the effluent 
air was determined from the following equation: 


Pair = Oz partial pressure from the oxygen analyzer, 
mm 

Par = Barometric pressure, mm 

Pyy = Water vapor pressure at the temperature of 
the propagator, mm 

Vir = Volume of air through propagator, ml 

The difference between the volume of oxygen sup- 
plied to the propagator and the volume of oxygen in the 
effluent air at any time is the quantity of oxygen dis- 
solved in the medium to replace the oxygen removed by 
the growing yeast. 

No recorder was available for this model of the 
oxygen analyzer, so observations were made visually. 
The graphed values refer to the oxygen consumption at 
the time of observations. 


RESULTS AND DiIscuSssION 


The oxygen consumption pattern of a representative 
culture of S. fragilis in 500 ml whey medium aerated at 
2 L per min is shown in figure 1. Initially, the oxygen 
consumption was low, but as yeast growth and sugar 
utilization continued, the volume of oxygen consumed 
increased rapidly. Peak consumption was reached with 
the uptake of 50 ml O2 per min, then declined rapidly. 

Variations in the course of oxygen consumption do 
occur. Peak oxygen demand varies from 50 to 65 ml per 


2 Beckman Instruments Inc., Fullerton, California. It is not 
implied that the U. S. Department of Agriculture recommends 
the above company or its product to the possible exclusion of 
others in the same business. 
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Figure 1. Oxygen consumption of Saccharomyces fragilis 
growing in 500 ml whey medium and aerated at 2 L per min. 
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Figure 2. Oxygen consumption of Saccharomyces fragilis 


growing in 500 ml whey medium and aerated at 2 L per min 
(@----- @) and 1 L per min (O——O). 


min and occurs between 90 and 180 min. These varia- 
tions are due to many factors: the size and age of the 
seed, the physiological condition of the yeast, or the 
conditions of growth in the propagator. Also, the con- 
ditions and source of whey must be considered. 

The total volume of oxygen consumed by the yeast 
during the course of growth was estimated from calcu- 
lations of the average hourly rate. Between 6 and 7 L 
of oxygen (12 to 14 L O, per L medium) were utilized 
by the cultures regardless of the demand pattern. 

Saccharomyces fragilis, oxidizing lactose in the War- 
burg respirometer, has been found to take up only 35 
per cent of the total oxygen necessary to convert lactose 
completely to CO. and water (Wasserman et al., 1958). 
On this basis, the 40 g of lactose contained in 1 L of 
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Figure 3. Oxygen consumption of Saccharomyces fragilis 
growing in 500 ml whey medium in a small propagator and in 
15 L medium in a large propagator. 


4 


whey require an uptake of 10 L of oxygen. This is an 
absolute value, indicating the oxygen requirement for 
the utilization of a quantity of lactose based on the 
metabolic pattern of the organism without regard to 
time limits or other factors. Thus, as 12 to 14 L of O, 
per L medium were consumed during the actual yeast 
propagations, the excess 2 to 4 L of oxygen are pre- 
sumably due to the endogenous respiration of the yeast 
and to the oxygen utilized to dissimilate the small 
amounts of lactic acid and other organic compounds 
also found in whey. 

The above experiments were carried out with the 
assumption that oxygen was not a limiting factor and 
the values obtained were actually the maximal oxygen 
requirements of the yeast. To confirm this assumption, 
yeast propagations aerated with 1.0 L air per min were 
conducted in parallel with propagations aerated with 
2.0 L air per min. The results in figure 2 indicate that, 
although aeration was reduced 50 per cent, the yeast 
still utilized the same quantities of oxygen and 
metabolized under these conditions at maximal effi- 
ciency. 

A similar result could be expected if the agitation- 
aeration system had attained its maximal O2-dissolving 
ability at a level of aeration less than 1.0 L per min. 
Then, even at 2 L per min aeration, the same amount 
of O2 would be dissolved and the yeast would effectively 
be limited to using this quantity of dissolved O.. How- 
ever, in a’study of the oxygen dissolving rate of the 
propagator used, this was not the case (Wasserman and 
Hampson, 1960). Increasing the rate of aeration from 
1.0 to 2.0 L per min increased the available dissolved 
oxygen, but did not affect the oxygen demand of the 
yeast. 

Although these experiments were carried out with 
500 ml of medium, it was anticipated that the results 
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could be scaled-up to apply to larger operations. Fifteen 
L of yeast-whey medium in a 40 L propagator were 
aerated at 30 L per min under conditions that assured 
an adequate supply of dissolved oxygen (Wasserman 
and Hampson, 1960). The oxygen consumption by the 
yeast was determined with the Beckman Oxygen 
Analyzer. To permit direct comparison with the values 
obtained in the smaller propagator, the oxygen data 
were divided by 30 (the ratio between the medium vol- 
umes of the two propagators). Figure 3 shows the simi- 
larity of the oxygen consumption patterns between the 
two propagations. 

The peak oxygen demand of S. fragilis growing in a 
whey medium, approximately 110 ml O2 per L medium 
per min, is equivalent to 5 mm O, per L per min. This 
compares very well with the data of Maxon and Johnson 
describing a peak demand of 4.8 to 5.7 mm O» per L per 
min for Saccharomyces cereviseae growing in a rich glu- 
cose medium in a continuous propagation. 


SUMMARY 


The oxygen demand pattern of Saccharomyces fragilis 
growing in a whey medium is described. Peak oxygen 


demand is approximately 110 ml O, per L medium per 
min (300 mm per L per hr). 
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Maximal growth of aerobic organisms in mass cul- 
ture is dependent on an adequate supply of oxygen. 
Since microorganisms freely use oxygen in quantities 
consistent with their metabolic capabilities, the availa- 
bility of oxygen in the dissolved state can be a limiting 
factor. ' 

Oxygen is sparingly soluble in water and in the solu- 
tions commonly used for culture media, and mechanical 
devices are generally required to accelerate the solution 
of the gas in the liquid. The kinetics of this system have 
been studied extensively (Hixon and Gaden, 1950; 
Bartholomew et al., 1950) and formulas have been de- 
rived to determine the rates of solution of oxygen. Thus, 
the oxygen absorption rate (OAR) may be obtained by 
the method of Cooper, Fernstrom, and Miller (1944), or 


‘Eastern Utilization Research and Development Division, 
Agricultural Research Service, U. 8. Department of Agricul- 
ture, 


the oxygen absorption coefficient (K,A) may be de- 
termined by polarographic techniques (Eckenfelder, 
1957). These values are a characteristic of the mechani- 
cal devices involved and are constant for a set of de- 
scribed conditions. Variations in the conditions (air 
flow, rate of agitator speed, depth of liquid, position of 
devices) may result in large changes in the OAR of a 
mass culture device. 

Successful mass culture of microorganisms may be 
facilitated by knowledge of the peak oxygen demand of 
the organisms. A propagator with an OAR great enough 
to assure an adequate supply of dissolved oxygen can 
then be designed. Saccharomyces fragilis, growing in a 
cheese whey medium, consumed 110 ml oxygen per L 
medium per min at peak demand (Wasserman, 1960). 
To assure comparable growth of the yeast in the whey 
medium in another propagation device, it is necessary 
that the propagator dissolve at least 110 ml oxygen per 
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L medium per min (or 5 mM oxygen per L per min). 
Growth of S. fragilis in propagators with various oxy- 
gen dissolving devices is described in this report. 


MATERIALS AND METHODS 


The yeast, S. fragilis, was grown as previously de- 
scribed (Wasserman, 1960) in whey containing 0.5 per 
cent (NH4)S0O,, 0.5 per cent K2HPO,, and 0.1 per cent 
yeast extract. The pH and temperature conditions 
were the same as in the previous paper (Wasserman, 
1960). Fifteen-L quantities were used in two propaga- 
tors and 24 L of medium were used in the third, 
a Waldhof?:*:* propagator. The first two propagators 
were glass jars 12 in. in diameter and 24 in. high with 
total capacities of 40 L each. In propagator no. 1, agita- 
tion was achieved with a turbine impeller (figure 1 (A)) 
powered by a 1g HP Lightnin motor. Air was intro- 
duced through a tube led from the top plate and cen- 
tered as closely as possible under the turbine blades. 

Propagator no. 2 was of similar dimensional design. 
Agitation was carried out with a 1g HP Rheinhiitte® 


2 It is not implied that the U.S. Department of Agriculture 
recommends the companies named or their products to the 
possible exclusion of others in the same business. 

3 Stainless Steel Products Co., St. Paul, Minnesota. 

4 Obtained through the courtesy of Dr. A. J. Wiley, Sulfite 
Pulp Manufacturers’ Research League, Appleton, Wisconsin. 

5 The Rheinhiitte motor and aerator-agitator device were 
made available through the courtesy of Neumann and Weaver, 
Inc., Fairlawn, New Jersey. 
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Figure 1. Schematic sketch of the 15-L propagator used for 
growing Saccharomyces fragilis: type A—turbine impeller; type 
B—Rheinhiitte impeller. 
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motor and the agitator shown in figure 1(B). The 
aerator tube was placed immediately beneath the center 
opening of the agitator. Originally designed as a mixing 
device, the impeller draws liquid through the top and 
bottom openings, and expels it rapidly from the side 
vents while turning. The air, sucked in the bottom open- 
ing, is broken up into many small bubbles by the strong 
shearing action. 

The third propagator, the laboratory size Waldhof, 
is in successful industrial operation in this country and 
in Europe. A number of papers describing the design 
and use of this apparatus have been published (Saeman, 
1947; Demmler, 1950). Essentially designed for con- 
tinuous culture operation, the Waldhof can be used for 
batch process propagation. The apparatus (figure 2) 
consists of a steel cylindrical tank, open at the top, 15 
in. in diameter and 24 in. high. There is an inner open 
draft tube supported above a turbine-like impeller. 

Yeast dry weight was determined by centrifuging a 
5-ml aliquot of the culture liquid, washing with dis- 
tilled water, and drying overnight at 105 C. Weights 
were corrected for the weight of seed yeast. 

Lactose was determined by the method of Stiles, 
Peterson, and Fred (1926). A Beckman Oxygen 
Analyzer, model C,® was used to determine the residual 
oxygen content of the effluent air from the propagator. 
The quantity of oxygen used by the organisms was 
computed as described by Wasserman (1960). 

Oxygen absorption rates (OAR) of the propagators 
were determined by the use of the sulfite method of 
Cooper, Fernstrom, and Miller (1944) as modified by 
Corman et al. (1957). Results are expressed as mM oxy- 
gen per L medium per min. 


6 Beckman Instruments, Inc., Fullerton, California. 
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Figure 2. Schematic sketch of the Waldhof propagator. 
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RESULTS 


The oxygen dissolving characteristics of the propaga- 
tors were first determined. Increasing the quantity of 
air passing through propagator no. 1 resulted in an in- 
crease in the volume of oxygen dissolved (figure 3 (A)). 
This was true only when the turbine agitator was used. 
A propeller-type agitator was substituted for the tur- 
bine impeller, and all other factors were kept the same. 
Visual observation of the action of the propeller-type 
impeller showed excellent turbulence of the liquid with 
fine break-up of the air bubbles. However, increasing 
the air flow through the propagator had no effect on the 
solution of oxygen into the liquid (figure 3 (B)). 

The effect of increasing the air flow in propagator no. 
2, containing the Rheinhiitte aeration-agitation system, 
is shown in figure 3 (C). A maximal OAR of 3.4 mm 
oxygen per L per min was reached at an air flow of 37.5 
L per min. This rate of air flow was the limit of the 
Fischer Flowmeter’ used with this apparatus. A further 
check with a roughly calibrated flowmeter of greater 
capacity showed no increase in OAR with an air flow of 
approximately 60 L per min. In a previous paper 
(Wasserman, 1960), S. fragilis was grown in 500-ml 
quantities in a small propagator. Changes in the OAR 
of this apparatus as the air flow was varied are shown 
in figure 3 (D). 

Changes in the oxygen absorption rate in propagator 


7 Fischer and Porter Company, Hatboro, Pennsylvania. 
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Figure 3. Oxygen absorption rates (OAR) achieved by the 

use of different impellers and propagators as a function of the 

ratio: air volume: liquid volume. Fifteen L liquid in propagator 

(see figure 1): A, turbine-type impeller; B, propeller-type 

impeller; C, Rheinhiitte impeller; D, 500 ml liquid in small 
propagator (Wasserman, 1960). 


nos. 1 and 2 could be effected only by variation of the 
air flow, as the motors operated at a single rate of rota- 
tion. The Waldhof propagator, on the other hand, had 
a belt drive, and by appropriate connection of pulleys, 
the agitator speed was varied as well as the air rate. 
The OAR values attained by these changes are shown 
in figure 4. Oxygen absorption rate is a function of the 
rate of agitation as well as air rate. 

The peak oxygen demand of growing S. fragilis, cul- 
tured under the conditions described, was approxi- 
mately 100 ml per L per min, or 5 mm oxygen per L per 
min (Wasserman, 1960). To assure an adequate oxygen 
supply to satisfy this demand, propagator no. 1 should 
be aerated at 30 L per min. Propagator no. 2, with a 
maximal OAR of 3.4 mM oxygen per L per min, would 
not provide the oxygen necessary for maximal growth 
and it was expected that a lower yield of yeast would 
be obtained. In the Waldhof propagator, the 5 mm 
oxygen per L per min could be attained with an air rate 
of approximately 26 L per min at 1,500 rpm agitator 
speed, and 45 L per min at 1,150 rpm. At 850 rpm agita- 
tion, the maximal OAR was approximately 3.4, or less 
than the rate required for maximal growth. 

Yeast cultures were grown in the propagators to de- 
termine the effect of the several aerator-agitator designs 
on yeast yields. Propagator nos. 1 and 2 were com- 
pared directly. The required quantity of yeast (380 g 
dry weight) was suspended in 30 L of the whey medium, 
15-L quantities were placed in each of the propagators, 
and air at 30 L per min supplied to both. The oxygen 
consumption patterns, yeast yields, and lactose utiliza- 
tion are shown in figure 5. Yeast growing in propagator 
no. 1, the turbine-agitated apparatus, had the highest 
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Figure 4. Oxygen absorption rates (OAR) achieved in the 
Waldhof propagator by varying the speed of agitation and the 
ratio: air volume: liquid volume. 
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yield, 24.7 g dry yeast per L medium, as opposed to 
15.2 g per L for propagator no. 2. (The 24.7 g per L is 
91 per cent of the maximal yield of yeast theoretically 
obtainable from whey medium (Wasserman et al., 1958).) 
Lactose utilization was more rapid in propagator no. 2. 
At the end of 3 hr, 33 per cent of the lactose in propa- 
gator no. 1 was still present, whereas the residual sugar 
in propagator no. 2 was 11 per cent of the initial value. 
In both propagators, sugar was usually completely con- 
sumed within 4 hr. 

Yeast cultured in the Waldhof propagator, however, 
grew well even under presumably adverse conditions of 
oxygen solubility. Operating the Waldhof at an agitator 
speed of 1,500 rpm and an air flow of 24 L per min as- 
sures the desired OAR of 5 mm oxygen per L per min. 
This rate was also achieved by reducing the agitator 
speed to 1,150 rpm, but increasing aeration to approxi- 
mately 48 L per min. At an agitator speed of 1,150 rpm 
and 33 L per min aeration, the OAR dropped to 4.0 mm 
oxygen per L per min, whereas at the same speed but 24 
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Figure 5. Comparison of the lactose utilization, net yeast yield, and oxygen consumption of Saccharomyces fragilis 
growing in the 15-L propagator stirred with a turbine-type impeller (@©——@), or the Rheinhiitte impeller (O——O). Rate 


of aeration: 30 L per min for both propagations. 
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Figure 6. Comparison of the lactose utilization and net yeast yield of Saccharomyces fragilis growing in the Waldhof prop- 
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L per min air flow, the OAR was only 3.4 (figure 4). 
Yeast was grown in the Waldhof propagator under the 
agitator and air flow conditions described above. Direct 
observation of the culture was necessary so the top of 
the propagator was not used. Collection of the effluent 
air for oxygen analysis was not attempted, therefore the 
oxygen consumption of yeast grown under the various 
conditions is not known. Although the net dry weight 
of the yeast yeilds was similar in all the propagations, 
there were differences in the rate of sugar utilization 
(figure 6). 

There appeared to be no relation between the OAR 
values and the growth characteristics of the yeast in the 
Waldhof apparatus, as opposed to the results obtained 
in the other propagators. The lack of correlation is 
difficult to explain. It is possible that the rate of oxygen 
solution in the culture medium is greater than the OAR 
in the sulfite solution of the method of Cooper, 
Fernstrom, and Miller. Pirt and Callow (1958), on the 
other hand, found that the maximal oxygen solution 
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rates in bacterial cultures were 0.5 to 0.7 times those in 
sulfite solution with a particular propagator of conven- 
tional construction. The Waldhof propagator, however, 
has unusual operating characteristics that could result 
in an increase in OAR on substituting medium for 
sulfite solution. Agitation and aeration that cause no 
change in the sulfite solution create large quantities of 
foam with whey medium. Even under control of an 
antifoam agent, quantities of air may be entrapped in 
the foam layer. The foam falling into the draft tube 
comes into violent contact with the agitator-aerator 
at the bottom. The medium may thus absorb more oxy- 
gen than the nonfoaming sulfite solution. 

Good growth with low aeration rates also has been 
reported for the Waldhof apparatus with yeast grown in 


spent wood sulfite liquor (Dr. A. Wiley, personal com- 
munication). 


SUMMARY 


Saccharomyces fragilis was grown in whey medium in 
three propagators of varying aerator-agitator designs. 
The oxygen absorption rates (OAR) of these propaga- 
tors were dependent on the agitator design and speed, 
and the aeration rate. 

Propagator characteristics may be selected to provide 
a sufficient supply of dissolved oxygen when the oxygen 
demand of the yeast culture under given conditions is 
known. The yeast yield and oxygen consumption during 
growth are related to the OAR of a propagator in con- 
ventional apparatus. In the Waldhof propagator, good 
yeast yields were obtained in media presumably con- 
taining less dissolved oxygen. 
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Recently, many investigators have turned attention 
to devices for continuous culture of microorganisms. 
In the basic sciences, the externally controlled ‘“chemo- 
stat”? of Novick and Szilard (1950) and Monod’s “‘bac- 
togen” (1950) have found considerable usefulness in 
studies where fairly large amounts of cells were required 
and where it was desirable to maintain the population 
at a specific growth rate. Continuous culturing devices 
also find useful application in the sanitary engineering 
field. Garrett and Sawyer (1952), Schulze (1956), 
Garrett (1958), and Busch (1959) have made use of 
continuous flow bench scale activated sludge units. 

The basic advantages and requirements for these 
units for use in sanitary engineering studies have been 
discussed by Coe (1952), and Hatfield and Strong 
(1954) and Busch (1959). The advantages lie primarily 
in similarity of operation to the prototype as compared 
with the dissimilarity of batch units. The requirements 
as set forth by Busch embody positive control of air 
flow, aeration solids, and solids wasting. 

Regardless of the degree of control, extrapolation of 
bench scale data for the prediction of prototype opera- 
tion is precarious. A more important need for such 
control is to insure that the sludge used for experimen- 
tation retains some degree of constancy throughout the 
investigation. Ideally, the most useful experimentation 
requires that the system remain constant as one vari- 
able is studied. This is one of the valid arguments for 
working with pure cultures. However, in applying bio- 


chemistry and microbiology to the treatment of organic | 


wastes, a heterogeneous population should be used, 
since under natural conditions, such systems would 
evolve subject to the intrinsic selectivity embodied in 
the enrichment culture principle. To control the con- 
stancy of a heterogeneous population is a far more 
difficult problem than that presented by a pure culture 
since selection in a pure culture depends on random 
mutation which under normal conditions is a compara- 
tively rare occurrence. Therefore, before confidently 
applying the chemostat principle to a heterogeneous 
population, it is necessary to obtain some assurance 


1 This investigation was supported by a fellowship (GF-7973) 
from the Division of Research Grants of the National Insti- 
tutes of Health, U. S. Public Health Service. 

2 Assistant professor and professor of Sanitary Engineer- 
ing and professor of Microbiology, Departments of Civil 
Engineering and Microbiology, respectively, University of 
Illinois. 
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that system constancy can be at least roughly main- 
tained or controlled. 

A bench scale unit which is to be used for research 
on the activated sludge process must, in addition to 
maintaining sludge constancy, have a high degree of 
flexibility since the many modifications now in use 
render it no longer possible to deal with the activated 
sludge process per se. Although the biochemical prin- 
ciples of all successful biological treatment systems are 
similar, the various environmental conditions imposed 
by each modification make each unique in operating 
characteristics. It is not felt that continuous flow units 
should replace batch systems for sanitary engineering 
research, but it seems ideal that they be used to pro- 
vide a source of biological solids for experimentation. 
Such experimentation may be carried out in batch or 
in continuous flow depending on the particular require- 
ments of the research. 

The present interest in continuous culturing de- 
vices arose during an investigation into the biochemi- 
cal effects of a rapid change in the chemical structure 
of a waste during waste treatment by the activated 
sludge process. The term ‘qualitative shock load’’ has 
been adopted to distinguish this type of shock load 
from phenomena usually implied by the term ‘shock 
load.” To study these effects it was necessary to gain 
some assurance that, throughout the investigation, 
the population used for study would remain fairly 
constant in metabolic characteristics. It was proposed, 
therefore, to design and operate a continuous culturing 
device from which cells could be harvested for subse- 
quent subjugation, in batch study, to a qualitative 
shock load. 

The purposes of the present paper are to review 
briefly the principles upon which externally controlled 
continuous flow units are based, to describe the unit 
designed, and to present operational data and observa- 
tions which may be useful to others interested in the 
use of such units for experimental purposes. 


FUNDAMENTAL CONCEPTS 


Kinetic treatment of continuous flow units has been 
developed in essentially three fields. Denbigh (1947), 
in considering the kinetics of steady state polymeriza- 
tion, points out that the mathematical simplicity of 
completely mixed continuous flow apparatuses makes 
the study of steady state systems more attractive than 
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discontinuous or semidiscontinuous systems. Also in 
the field of physical chemistry, Bransom et al. (1949) 
used a similar kinetic development for continuous 
crystallization operations and verified the results of 
steady state systems using batch studies to control 
and correlate operational variables. 

In the biological field, Novick and Szilard (1950) 
and Monod (1950) used identical kinetic developments 
to describe the steady state kinetics of continuous cul- 
turing devices. 

In the sanitary engineering field, Garrett and Sawyer 
(1952) and Schulze (1956) showed identical kinetics 
for control of laboratory scale activated sludge plants. 
Later, Garrett (1958) recommended use of these kinetic 
principles as a means of “hydraulic control” for the 
operation of a full scale activated sludge plant. 

In relation to Garrett’s recommendation, it should 
be noted that the kinetic development of continuous 
flow systems requires complete mixing in the aerator. 
Although most systems tend toward this condition, it 
does not rigidly hold for long rectangular aeration tanks. 
Also, the new steady state which may be set up in 
response to external changes such as feed concentra- 
tion, rate of flow, and temperature may not always be 
the most desired one. In addition, the chemical compo- 
sition of the waste stream may change, which may 
affect the predominance of bacterial species and the 
rate of sludge growth. Therefore, the principle may not 
be applicable to activated sludge plants. However, it 
may be applied to industrial fermentations where these 
variables may be subject to close control. 

Concerning the activated sludge process, the principle 
is of value in providing the experimenter with a theo- 
retically sound laboratory apparatus which can be 
subject to controls not easily attained with the full 
scale plant. The development of system kinetics is the 
same for both the chemostat and the laboratory scale 
activated sludge plant. 

However, there is a difference in the apparatus, that 
is, the incorporation of a sludge return line for recycling 
thickened sludge to the aerator, which is a salient fea- 
ture of the activated sludge process. This does not af- 
fect the theoretical operation but does have an effect 
on the over-all rate of sludge growth. If the rate of 
sludge return is constant, the effect on the growth 
rate is constant and does not directly enter into the 
considerations. 

Novick and Szilard (1954), Spicer (1955), and Moser 
(1958) have dealt with the development of the kinetic 
theory of continuous flow units in considerable detail. 
The brief presentation below may serve to bring into 
focus the essential identity of the kinetic fundamentals 
employed in the three fields previously cited. 

In an undiluted (batch) biological system, the general 
kinetic expression for bacterial growth is: 


dN/dt = KN (1) 
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that is, growth follows first order kinetics wherein the 
change in population is proportional to the amount 
present at any time. In a diluted (continuous flow) 
system this equation does not hold since the over-all 
change in solids production is affected by the continu- 
ous dilution provided by the incoming flow of substrate. 
In a completely mixed system, biological solids are 
carried out of the tank at a rate equal to the inflow rate, 
Q, thus diluting the solids concentration by the factor 
Q/V, that is, the ratio of the inflow rate to the fixed 
volume of the tank. Under these conditions, system 
kinetics may be expressed as: 


dN/dt = KN — (Q/V)N (2) 


In the steady state dN/dt is zero. Therefore, trans- 
posing and cancelling like terms, it is seen that the 
proportionality factor (K, the growth rate constant) is 
wholly a function of the hydraulic rate of flow Q, that 


K = Q/V (3) 


which states that K is equal to the reciprocal of the 
detention time, 7 (T = V/Q; mean residence time). 

Internally controlled devices usually employ some 
method of measuring cell density in the aerator. A 
photoelectric cell is commonly used; it responds to 
changes in cell density and can be made to control the 
rate of feed flow, thus controlling K. However, it is the 
externally controlled unit which applies more directly 
to the activated sludge model. More precisely, it is the 
fact that a continuous culturing device can be ex- 
ternally controlled which makes its application to the 
activated sludge process possible. 

Under conditions of external control Q/V is held at 
any desired value below Kmax. This is essential since if 
Q/V were greater than K, the solids would be diluted 
out and if it were equal to K, the system could not 
respond to an increase in organic feed concentration. 
This aspect is particularly important concerning ef- 
fluent control in the activated sludge system. If the ef- 
fluent biochemical oxygen demand (BOD) is to be 
subject to hydraulic control, the system must be poised 
to respond successfully to any possible increase in in- 
fluent BOD concentration. One such response is an 
increase in the number of organisms metabolizing the 
waste. This can be accomplished artificially by return- 
ing more sludge to the aerator or naturally, according 
to equation (2), by increasing the growth rate. If the 
growth rate is already at its maximum, that is, Kinax = 
Q/V, the natural response is impossible. 

K can be externally controlled through the design 
of the substrate. All essential nutrients except one can 
be provided at nonlimiting concentrations. The limit- 
ing or controlling constituent, depending on the system 
studied, may be an amino acid, a nitrogen source, phos- 
phorus, sulfur or, as in the case most applicable to the 
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study of the activated sludge process, the energy source, 
which may be expressed as the pollutional strength or 
BOD of the waste. 

Under these conditions K becomes a function of C,, 
the concentration of the controlling nutrient and equa- 
tion (3) is modified to: 


K(C,) = Q/V (4) 


The rate of sludge growth is thus controlled by the 
rate of flow, the physical boundaries of the aerator, and 
the substrate composition. With a constant sludge re- 
cycling rate, the cell density, NV, is accordingly fixed at 
any specific steady state condition. Under defined ex- 
perimental conditions, the factors affecting such a 
steady state condition can be varied and studied in a 
controlled manner. Conversely, if all controlling vari- 
ables are held constant, it would seem possible that the 
sludge produced should maintain some degree of re- 
producibility or constancy in its metabolic activity. 

Although there may be valid objections to the applied 
use of this principle as a field control device for full 
scale activated sludge processes, it should find extensive 
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and valid use in controlled laboratory experimentation 
aimed at delineating fundamental phenomena and ef- 
fects of changes in operational variables, both of which 
will increase understanding of the biological treatment 
processes. 


EXPERIMENTAL METHODS 


Description. The experimental unit is shown in figure 
1. Organic and inorganic constituents are fed separately 
from 4-L and 11-L reservoirs. Both tanks are petcock- 
controlled. A constant hydrostatic head is maintained 
through the use of the air inlet tube shown in the dia- 
gram. Successful operation requires an air-tight seal. 
To insure that air bubbles are not drawn into the siphon, 
the air inlet tube should be at least 14 in. above the 
siphon inlet. This device has been recommended by 
Hoover (1951) for maintaining a constant feed rate at 
minute flows. It was found to be wholly satisfactory at 
the low flow rate used during the present experimenta- 
tion. 

The aerator is made from a 4-L Erlenmeyer flask 
cut as shown and fitted with 34 in. diameter outflow 
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Figure 1. Continuous feed activated sludge unit 
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pipe set to provide a 2-L volume of aerated liquor. 
Aeration is provided by compressed air introduced 
through two carborundum diffusers. 

The sludge return-settling tank and accompanying 
sludge return air lift were included to incorporate the 
characteristics of the activated sludge process. If the 
unit is to operate as a true chemostat, these components 
are not needed. However, since the return of thickened 
sludge will exercise a pronounced effect on activated 
sludge systems, it is ideally included in a laboratory 
unit designed for such research. 

The sludge return-settling tank consists of a 4-L 
Erlenmeyer flask, cut as shown and fitted with outlet 
and inlet devices. The operating capacity of the tank 
is 2 L. The tank bottom is rubber-stoppered and fitted 
with an air inlet tube and sludge draw-off tube. This 
unit serves to partially thicken the sludge and provides 
a means of daily wasting a fixed volume of thickened 
underflow. It also provides a reservoir of thickened 
mixed liquor for return to the aerator. 

The sludge return air lift serves to reaerate the 
thickened mixed liquor and to return a portion of it to 
the aerator. The sludge reaeration line was incorpo- 
rated into the design to insure proper control of the 
return flow and the hydraulic head in the sludge dis- 
tribution hopper. It also provides reaeration and re- 
circulation of the flocculated cells. All compressed air 
enters the aerator and sludge return line through the 
liquid and dry traps shown. 

Standard waste. The basic unit was designed to pro- 
vide an external and known control on system kinetics. 
The operational techniques and selection of the stand- 
ard waste were designed to enhance this control, to 
provide an experimental population which would re- 
main fairly constant through the investigation, and to 
simulate the heterogeneous population in an activated 
sludge aerator. 

The continuous flow unit was seeded with 200 ml of 
settled domestic sewage and diluted to 2 L with organic 
and inorganic feeds. Microscopic examination revealed 
a heterogeneous population consisting of many morpho- 
logically different bacteria and a moderately large and 
varied protozoan population. Filamentous forms were 
present but not abundant. No algae or diatoms were 
observed. The system was batch dperated for 1 week 
while the solids built up and thereafter as a continuous 
flow unit. 

In designing the organic feed, consideration was 
given to the carbon source which consisted solely of 
glucose, fed at a concentration of 1,000 mg per L. This 
concentration was chosen since it falls well within the 
range of concentrations treatable with the activated 
sludge process and because it is low enough to provide 
an external control for the unit. Glucose was chosen in 
order to develop a population which might be expected 
in activated sludge and since it was desirable to use a 
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compound readily used by all aerobic organotrophic 
bacteria. 

It should be recognized that any waste treatment 
system will function as an enrichment culture for the 
organism(s) best suited to the particular environment 
created by the physical conditions of the process and 
the chemical composition of the waste (Gaudy, 1955). 
An aerobic system fed glucose, an inorganic nitrogen 
and phosphorous source, and inorganic constituents in 
proper concentration, will foster the predominance of 
aerobic organotrophs, in particular the pseudomonads. 
The inorganic constituents and their concentrations, 
shown in table 1, were based on cultural requirements 
found to be optimum in the bacteriological literature 
and were in general present in excess concentration. 
This was necessary to insure that the external control 
would be the carbon source only. The BOD/N and 
BOD/P ratios found in the sanitary literature were 
not maintained because these are minimal requirements 
empirically determined on the basis of economical BOD 
removal. Although they can be defended on a theo- 
retical basis, it cannot be unequivocally stated that 
they will not limit a biological system. 

Loading parameters. The activity of an aerobic cul- 
ture may be measured on the basis of oxygen used per 
unit cell mass per unit of time. This is often expressed 
as 


Qo, = uliters O2 uptake/mg dry weight of cells/hr 


This same parameter is also used to express the 
loading of a biological treatment process 


Loading = lb 5 day BOD/1000 lb suspended solids/hr 


Although different interpretations may be placed 
on these two expressions, they are nevertheless funda- 
mentally similar. Use was made of the latter expres- 
sion in checking the efficiency of the model activated 
sludge system. The former expression was used to 
check the activity of the sludge in the unit. 

Loading chart for various solids concentrations. The 
system was operated at a constant volumetric loading 
of 2 L per day. However, due to periodic withdrawals 


TABLE 1 
Standard experimental waste 
Constituent Concentration 
per L 
Trace elements (tap water)................... 100 ml 
1 m Phosphate buffer, pH 7.0................. 10 ml 
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for various experiments, it was expected that the solids 
concentration would vary from time to time. 

It was desirable therefore to construct a loading 
chart for the plant so that its efficiency could be readily 
measured at any time a sample was taken. 

The basis for calculations is as follows: 


Theoretical BOD = (1000) (192/180) (0.7) = 750 mg/L 


where 0.7 = fraction of total BOD exerted in 5 days 
at 20 C (k taken as = 0.1). 


BOD loading. 


2 L at 750 mg/L = 1.5 g 5-day BOD/day 
1.5 X 1/453.6 = 0.00332 lb BOD/day 


Design volume. 


(a) Aerator volume =2L 
(b) Settling-return tank volume* = 2 L 


A table of loadings at various values of aeration 
solids and a sample calculation are shown in table 2. 
The information is shown graphically in figure 2. System 
efficiency can be easily computed from BOD or chemical 
oxygen demand (COD) data and compared with 
generalized or average findings readily available in the 
literature for municipal activated sludge plants (Imhoff 
and Fair, 1956). It should be noted that the efficiency 
of substrate removal was measured using COD results 
and that the effluent tested was “membrane filter 
effluent” obtained in conjunction with biological solids 
measurement using the membrane filter technique 
(Engelbrecht and McKinney, 1956). Therefore, the 
system was tested as to its biochemical efficiency rather 
than over-all efficiency which includes settleability of 
the aeration solids. This was desirable because of the 
nature of subsequent experiments for which the sludge 


3 Although the aeration efficiency was undoubtedly much 
lower in the settling return tank, it is felt that in calculating 
the loading the entire volume of 4 L should be considered since 
the airlift method has been used as a means of aeration for 
culturing bacteria (Lundgren and Russell, 1956). This would 
lead to a more conservative estimate of system efficiency. 


TABLE 2 
System loading at various solids concentrations 
Calculation Loading* 
mg./L 
250 lb BOD 62.8 
500 day 31.4 
750 20.9 
1 lb 
1250 12.6 
1500 10.5 
1750 0.00332 X 1000 9.0 
2000 0.25 X 4 X 0.0022 X 24 7.9 


*Pounds 5 day BOD/1000 lb of suspended aeration 
solids/hr. 
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was developed (not herein reported). However, in 
applying the principles involved in hydraulically con. 
trolled continuous flow units, the more standard 
methods of measurement may be employed with equal 
facility. 

RESULTS 


System efficiency. Operational results for 3 months 
are shown in table 3. The observed efficiencies are some- 


SYSTEM LOADING, #80D/ 1000 Ibs. ss- hr. 


° - 500 1000 1500 2000 
AERATION SOLIDS, mg/! 


Figure 2. System loading at various solids concentrations 


TABLE 3 
Operational results 

Theoretical 

mg/L mg/L mg/L % % 
3/18 820 135 95 19 87.3 91 
3/22 990 175 123 15.5 85.6 91 
3/25 | 1020 180 126 15 85.2 91 
3/28 960 205 144 14.5 80.8 92 
3/31 | 1050 135 95 16.2 87.4 91 
4/7 890 185 130 17.4 82.7 91 
4/22 | 1080 195 137 14.2 81.7 92 
4/23 960 160 112 16.2 85.1 91 
4/25 | 1010 205 144 15.1 80.8 91 
4/28) 1110 195 137 14.0 81.7 92 
5/2 1000 125 88 15.5 88.3 91 
5/8 985 215 151 15.7 79.6 91 
5/13 990 185 130 15.6 82.7 91 
5/17 | 1030 210 147 15.0 80.4 91 
6/6 1100 205 144 14.0 80.6 92 
6/13 880 190 133 17.5 82.3 91 
6/16 | 1060 165 116 14.5 84.5 92 
6/20 | 1170 155 | 109 13.1 85.4 92 


* May be obtained from figure 2; pounds 5 day BOD/1000 
lb suspended aeration solids/hr. 

+ Approximate efficiency to be expected at the stated load- 
ing (Imhoff and Fair, 1956). 
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what lower than those predicted for domestic treat- 
ment plants. Had the calculations been based on a 2-L 
volume under air (the aerator volume), these values 
would have coincided more closely. The point to be 
emphasized is that the organic removal remained fairly 
constant throughout (80 to 87 per cent removal) which 
in some degree substantiates the conclusions of Gar- 
rett concerning hydraulic control of BOD removal. 

Sludge activity. The measurement of system efficiency 
is in some respects a measure of sludge activity. How- 
ever, it is a measure of sludge activity in a limited sys- 
tem controlled by the hydraulic rate of a feed used in 
such concentration that the maximal growth rate is 
not attained. The Qo, measurement is made in an 
undiluted batch system under respiring conditions at a 
sufficiently low cell concentration or high substrate 
concentration to insure that substrate is not limiting. 
With sufficient agitation, the manometric measurement 
of Qo, should yield that uptake attributable to the 
intrinsic nature of the cells rather than to the system 
in which they are grown. The absence of an extracellu- 
lar nitrogen source other than that of the atmosphere 
also tends to remove the complicating factor of cell 
replication during the test. 

The Qo, values obtained are shown in figure 3. The 
values are fairly closely grouped but are by no means 
identical. The most probable reason for this is discussed 
below. 

Operational observations. While the constant-head 
tank and petcock arrangement provided an excellent 
feed control, it was found that the organic feed orifice 
required close surveillance since the aerosol produced 
in the aerator provided ample seed for growth at the 
orifice thereby altering its hydraulic characteristics 
and thus its flow. Flow rates were checked for both 
feed lines three to five times daily during the first 
month of operation and daily thereafter. The effluent 
volume was also measured as a check. Early in the 
work, losses varied from 20 to 40 ml per day. During 
the more humid periods prevalent in the latter part of 


the investigation, an evaporative loss was not detect- 
able. 
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Figure 3. Variability in metabolic activity of sludge pro- 
duced in activated sludge unit. 


During the first few weeks of operation, it was found 
that if the pH were allowed to stay below 6 for 24 hr 
the flocculating characteristics of the system were de- 
creased and the color of the aerator culture turned from 
greenish-yellow characteristic of the pseudomonads to 
a more gray appearance, indicating a change in pre- 
dominant species. Microscopic examination did not 
reveal any readily discernable morphological differ- 
ences in the species present, but there was considerably 
less aggregation of the cells. After pH adjustment, 48 
hr were required to restore the system to its usual 
appearance. It should be noted, however, that during 
a period when pH was purposely held low there was no 
apparent difference in the substrate removal efficiency 
of the system. It would seem entirely possible that a 
slight change in the pH could cause a large change in 
species predominance but might not affect the bio- 
chemical efficiency of the system. In substantiation of 
this view, Sawyer et al. (1955) have reported very little 
difference in BOD removal efficiency at widely differ- 
ing pH values. However, since a varying pH might be 
expected to effect some changes in biochemical response 
in subsequent experiments with the sludge, the pH was 
adjusted to 7 whenever it approached 6.7. 

One aspect of operation that militated against suc- 
cessful application of external control principles was 
the proliferous amount of growth found adhering to 
the aerator walls. True hydraulic control requires that 
the culture be wholly suspended. Some investigators 
have employed a ‘“‘windshield wiper’? arrangement to 
prevent accumulation of side growth (Novick, 1955). 
Having observed the operational characteristics of the 
unit for some time, it is felt that one of the prime causes 
for side growth in this unit involves the relatively small 
amount of agitation near the wall of the tank. Vigorous 
aeration was maintained at all times, but the shape of 
the aerator militated against vigorous agitation at the 
bottom and lower portion of the walls of the tank. 
Although this was ideal in assisting to simulate the 
flocculated growth prevalent in the activated sludge 
process, there was not sufficient agitation to slough the 
side growth. The effects of side growth, although very 
important in the control of continuous flow bench scale 
units, are probably insignificant in a full scale plant 
since the ratio of tank surface to liquid volume is de- 
creased. However, in applying the principle of hy- 
draulic control to the activated sludge process, the 
settling tank must be considered and a specific amount 
of sludge wasted. Therefore, the development of sludge 
pockets in the settling tank, which is essentially identi- 
cal in effect with side growths, must be avoided. 

The above comment illustrates what is believed to 
be a rather important point concerning the reconcilia- 
tion of phenomena observed in small scale laboratory 
units as compared to large scale pilot plants and full 
scale plants. Although some of the physical peculiarities 
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of each may be different, they may have formally 
analogous counterparts which if recognized can assist 
in analyzing data obtained using either approach to 
sanitary engineering research. 

Settling characteristics of the sludge were extremely 
variable, ranging from 74 to 90 per cent compaction in 
30 min. Settling tests were not run regularly on the 
unit since this data was of no immediate concern to the 
investigation. The effluent was always observed to be 
turbid. It was noted, however, that this turbidity 
could be sharply decreased by gentle stirring of the ef- 
fluent followed by 1 hr quiescent settling. Microscopic 
observations of the culture were made approximately 
twice weekly. It is rather surprising that although the 
original sewage seed contained a moderate amount of 
filamentous forms, these forms were never observed 
except in trace amounts in the experimental system. 
The system appeared to consist wholly of flocculated 
and individual bacteria with varying numbers of free 
swimming and attached protozoa. No attempt was 
made to control temperature; however, it was meas- 
ured on the average of 2 times daily and found to vary 
from 19 to 23 C. 


SUMMARY 


It is concluded that the unit described provides a 
fairly constant biological system based on organic re- 
moval efficiency and sludge activity. Analysis of the 
results of the response studies for which these cells 
were used also substantiated this conclusion (Gaudy, 
1959). The unit is not identical with the ‘“‘chemostat”’ 
or “bactogen” after which it was modeled because the 
return of sludge, which was necessary to simulate an 
activated sludge treatment process, provided a partial 
internal control of growth rate. The return of sludge 
allows a higher population to exist than the energy 
source would permit without recirculation. This situa- 
tion is characteristic of most activated sludge systems. 
However, with a constant amount of wasted sludge and 
effluent, the over-all characteristics and the mathe- 
matical validity of the concept are identical for the 
units described in the biological literature, the one 
used here, and that described by Garrett (1958) in the 
sanitary literature. The unit recently described by 
Busch (1959) also functions in the same way. 

If the unit, or a modification of it, is used for the 
various studies for which it may usefully serve, as 
much automation as possible should be incorporated 
into its design. The incorporation of a wall scraping 
device would considerably increase the cost of the 
unit; however, the elimination of side growths would 
assure a more constant sludge activity since it prevents 
retention of older cells. The continuous flow model 
plant, operating on the chemostat principle, is con- 


sidered to be sufficiently validated for use in sanitary 
engineering research to warrant more elaborate con- 
struction and inclusion of such automation as positive 
and continuous removal of side growth and continuous 
pH and temperature control. 
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During recent years, considerable attention has been 
directed toward the evaluation of the use of anti- 
bioties as a possible means of prolonging the keeping 
quality of fresh meats. An antibiotic showing favorable 
results in this respect is chlortetracyclinet (CTC). 

Extensive data have been reported in recent litera- 
ture demonstrating the effectiveness of CTC in extend- 
ing the storage life of fresh poultry (Kohler et al., 1955; 
Ziegler and Stadelman, 1955; Ayres et al., 1956; Miller, 
1957; Windlan et al., 1957; Ng et al., 1957; Taylor and 
Walker, 1957; Wells et al., 1957; Vaughn et al., 1957; 
MeVickers et al., 1958). Similar data have been re- 
ported for seafoods treated with CTC at different 
stages of handling and processing (Bissett and Tarr, 
1952; Tarr et al., 1952; Boyd et al., 1953; Farber, 1954; 
Gillespie e¢ al., 1955; Bluhm and Tarr, 1956; Boyd and 
Tarr, 1956; Fieger et al., 1956; Firman et al., 1956; 
Tomiyama et al., 1956; Kline et al., 1957; Stern et al., 
1957; Abbey et al., 1957b; Novak et al., 1958; Stern 
et al., 1958; Southcott et al., 1958). The favorable ef- 
fect of CTC has also been demonstrated in red meats 
(beef, pork, and lamb), treated in various forms and 
via various methods of application (Tarr et al., 1952; 
Goldberg et al., 1953; Weiser et al., 1953; Deatherage, 
1956; Jay et al., 1957). 

Current federal legislation permits the application 
of CTC in poultry processing with a maximal tolerance 
level of 7 ppm in or on the uncooked poultry (Iederal 
Register, 1955). The Food and Drug Administration 
recently authorized its application to raw, whole, or 
gutted fish, shucked scallops, and unpeeled shrimp, 
with a maximal tolerance level of 5 ppm (Federal 
Register, 1959). The Canadian food laws allow its 
application to both poultry and fish with similar toler- 
ance levels. 

One of the main objections that have been raised 
against the use of antibiotics, as food additives, is the 
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undesirable consequences which are apt to arise due to 
the residual activity in the treated food product at the 
time of its consumption. The consensus is that the 
cooking treatments, normally given to such raw meats, 
would leave no detectable activity of CTC (Kohler et al., 
1955; Steiner and Tarr, 1956; Abbey et al., 1957a; 
Tomiyama et al., 1957). However, no data were en- 
countered in the literature describing quantitatively 
the kinetics of CTC thermal inactivation in various 
meat menstrua. The present study was initiated to 
provide such data. 

The rates of inactivation in certain laboratory meat 
menstrua were established and discussed. However, 
conclusions on the degree of inactivation during normal 
cooking procedures or recommendations for the neces- 
sary time temperature relationships required for ade- 
quate degree of inactivation for certain food products 
cannot be made at this stage. The heat transfer patterns 
in various meat products under various cooking con- 
ditions and the distribution patterns of antibiotic in 
such products following certain treatments have to be 
established before the inactivation levels under such 
conditions can be computed and accurately predicted. 


EXPERIMENTAL METHODS 


Preparation of the heating menstrua. Heating men- 
strua were prepared from beef, pork, lamb, chicken, 
haddock, white shrimp, and soft-shell crabmeat pur- 
chased through local retail outlets and maintained 
under refrigeration until used a few hours later. 

Distilled water (84 ml) was placed in a clean, dry 
microblender, provided with an ice jacket containing 
a mixture of crushed ice, salt, and water as a precaution 
against generated heat during blending. The raw meat 
(16 g) was added gradually to the blender while in 
operation, to insure complete homogenization. After 
8 min homogenization, the blender and its contents 
were refrigerated to minimize possible loss of activity 
of added CTC. Crystalline CTC hydrochloride (10 
mg) was then added to the homogenized menstruum 
with the blender in operation to give a final concentra- 
tion of 100 ppm. Blending was continued for about 3 
min to insure even distribution. The menstruum was 
then pipetted into thermal death time (TDT) tubes, 
3 ml per tube. Pyrex TDT tubes, 7 mm inside diameter, 
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1 mm thickness, and about 150 mm long, were pre- 
pared and used in the conventional manner (Townsend 
et al., 1954). 

Thermal inactivation apparatus and method. Thermal 
inactivation rate determinations were made, using a 
constant temperature oil bath equipped with a heat- 
ing element, motor stirrer, and a_ thermoregulator 
accurate to +1 F. 

The TDT tubes, charged with the heating men- 
struum, were immersed in the oil bath at the preset 
temperatures. Upon completion of the preset time 
intervals, the tubes were removed and immediately 
plunged into an ice bath to bring the temperature 
down to a level which would prevent further rapid 
inactivation (40-50 F). The cooled tubes were then 
refrigerated until ready for extraction. Thermal death 
time tubes were run in triplicate for every time-tem- 
perature relationship. At the start six tubes per interval 
were used, but this was abandoned when close agree- 
ment among replicate tubes was evident. 

Chlortetracycline assay procedure. The assay culture 
was Bacillus cereus ATCC No. 10702. The methods 
used in the preparation of the assay plates were essen- 
tially the same as those reported by Abbey ef al. 
(1957b). 

The content of each heat-treated TDT tube was 
thoroughly mixed, extracted, and assayed in the fol- 
lowing manner. One ml was transferred into a 50-ml 
volumetric flask, the volume made up with acid ace- 
tone (pH 4.2),5 shaken vigorously to aid extraction, 

5 Reagent acetone, 650 ml + distilled water, 233 ml + con- 


centrated HCl, 17 ml + 5 Nn NaOH, about 40 ml to bring pH 
up to 4.2 + distilled water to bring total volume to 1 L. 
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Figure 1. Thermal inactivation rates of chlortetracycline 
(CTC) heated in phosphate buffer (pH 4.5). 
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and the resulting extract used for the pad-plate assay, 
This introduced a dilution factor of 1:50, making the 
reference CTC concentration 2 ppm. 

Assay plates were incubated at 32 C (89.6 F) for 12 
hr, at which time zones of inhibition were measured, 
The arithmetic average of 27 zone diameters for each 
time-temperature relationship was then computed and 
later interpreted on the respective standard curve to 
determine the corresponding antibiotic concentration. 

A standard curve was constructed for every heated 
sample, using a nonheated portion of the menstruum 
after mixing the antibiotic as previously described. 
One ml was extracted in acid acetone, 1:50, and a 
serial dilution was prepared in acid acetone, giving a 
range of CTC concentrations from 2 to 0.025 ppm. 
These extractions were then assayed. The standard 
curve was constructed on a semilog paper, with the 
concentration on the log scale. 

Expression of thermal inactivation results. The log 
concentrations of residual antibiotic activity, as in- 
terpreted on the standard curve, were plotted versus 
the heating time in minutes to establish the thermal 
inactivation rate (TIR) curve. In the final plot of these 
data all the heating times were corrected for the heat- 
ing and cooling lags of the TDT tubes, using the 
graphical method of thermal process calculation (Ball 
and Olson, 1957). 

Due to the fact that, in some cases, the linearity of 
the TIR curve was not evident, the ‘“D”’ value (minutes 
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Figure 2. Thermal inactivation rates of CTC heated in 
beef. 
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required for 90 per cent inactivation, or the decimal 
reduction time) lost its usefulness. In view of this, and 
in view of the necessity for a suitable estimate or value 
to represent the rate of inactivation, which may be 
used without introducing major errors in computing 
or describing the effect of temperature on the rate of 
inactivation, the time interval required for a drop in 
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Figure 3. Thermal inactivation rates of CTC heated in 
pork. 
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Figure 4. Thermal inactivation rates of CTC heated in 
chicken. 
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the activity of CTC from the initial concentrating 100 
ppm to the level of 7 ppm, was arbitrarily chosen to 
represent the thermal reduction time (TRT). The log 
TRT values were plotted versus the corresponding 
heating temperature to construct the TRT curve. 

It should be pointed out, however, that a number of 
the TIR curves showed obvious tendency toward 
linearity, and in these cases, ‘‘D” values are reported, 


RESULTS 


All of the TIR curves of CTC in various meat 
menstrua are presented in figures 1 to 8. The solid-line 
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Figure 5. Thermal inactivation rates of CTC heated in 
lamb. 
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Figure 6. Thermal inactivation rates of CTC heated in 
haddock. 
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portion of the curves represents the experimentally 
assayed residual activities. The initial dotted-line por- 
tion of the curves represents the drop in concentration 
during the first heating interval. All heating times indi- 
cated were corrected for heating and cooling lags. The 
dotted line at the end of the curves indicates extrapo- 
lation to the selected end point, wherever necessary. 
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Figure 7. Thermal inactivation rates of CTC heated in 
softshell crabmeat 
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Figure 8. Thermal inactivation rates of CTC heated in 
white shrimp. 
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The TRT curves for all menstrua are presented in 
figures 9 and 10. The TRT curve for CTC heated in 
phosphate buffer was provided in both figures for 
reference. 

Data interpreted from both TIR and TRT curves 
are summarized in table 1. 


Discussion 


In constructing the TIR curves, it was expected that 
such curves would follow the kinetics of the monomo- 
lecular chemical reaction. Although in several cases the 
rate of inactivation appeared to conform with this 
concept, the majority did not. In this latter case, de- 
viations differed in degree, but most of them showed 
tendency toward decrease in rate of inactivation with 
time. It is possible that in the case of meat menstrua 
these deviations could be the result of physicochemical 
changes occurring in the menstruum during heating, 
affording a degree of protection to the antibiotic. 

In many of the curves, a pronounced drop in activity 
was noticed during the first heating interval. This phe- 
nomenon was particularly noticeable at the lower heat- 
ing temperatures, and could also be attributed to 
physicochemical changes in the menstrua which would 
afford protection to the CTC in the later stages of 
heating with the result that the thermal inactivation 
rate prior to such changes would be greater. 
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Figure 9. Thermal inactivation times for CTC heated in 
various meat tissues. 
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Despite the fact that most of the TIR curves were 
nonlinear, the majority of the TRT curves were linear. 
The ‘‘z” value interpreted from these curves ranged 
from 39 to 52, as compared to the value of 51.5 for 
milk determined by Shahani (1957). 

In some cases an apparent increase or no loss in the 
antibiotic activity, during the initial heating period, 
was indicated. Although such cases were relatively few, 
they suggest either the possibility of thermal activation 
of the antibiotic or the presence in the particular heat- 
ing menstruum of a natural thermolabile principle 
which might have exerted a similar inhibitory effect 
against the assay culture or had a synergistic effect on 
the antibiotic action itself. However, the validity of 
such speculations or hypotheses remains to be seen. 

Since the TIR curves showed obvious tendency to- 
ward concavity, and since this was dependent, both in 
degree and duration, upon the heating menstruum, it 
becomes extremely important to carry this basic study 
further to find out the influence of higher levels of meat 
tissues in the heated samples, the effect of the major 
constituents of the meat (protein, lipids, carbohy- 
drates, and so forth), and more important, the effect 
of the initial concentration of the antibiotic upon the 
rate of inactivation. 

Once the basic phase of the study is completed, then 
the effect of the method by which the antibiotic is ap- 
plied (fusion, dip), as well as the method of heating 
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Figure 10. Thermal inactivation times for CTC heated in 
various meat tissues. 
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(water, steam, hot air), upon the thermal dose distribu- 
tion, and the respective level of inactivation have to be 
evaluated before any final conclusion or recommenda- 
tion can be made. 


TABLE 1 


Summary of thermal inactivation data of chlortetracycline heated 
in various meat menstrua 


Heating Menstruum Heats D* TRTt st 
F min min F 
Phosphate buffer (pH 185 —§ 172 
4.5) 212 44 
235 16 
260 a= 5 48 
Beef 104 
| 185 32.5 31 
212 13 
235 5 
260 3 
Pork | 160 — 186 
| 185 38.5 36 
212 — 10 
235 om 2 
| 260 0.5 | 39 
Lamb 160 - 113 
185 = 22 
212 8 
235 
260 0.5 0.6 _ 
Chicken (breast meat) 160 (157 97 
185 36 30 
212 8.5 9 
235 3.35 3 
260 1.25 1 52 
Haddock 160 90.5 75 
185 20 
212 6.5 
235 a 2 
260 aa 0.6 47 
Shrimp (white) 160 _ 60 
185 — 19 
212 5 
235 — 3 
260 | -- 0.3 47 
Crabmeat (softshell) 160 | — 210 
185 | 36 
2122 | — 18 
235 | 5 
| 260 | 2 
* “DP”? = Minutes required for 90 per cent inactivation. 


{ TRT = Thermal reduction time. Minutes required to in- 
activate from 100 to 7 ppm. 

tz = Degree Fahrenheit required for a 10-fold change in the 
TRT value. 

§ Thermal inactivation rate curve was nonlinear. 

{ Thermal inactivation time curve was nonlinear. 
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SUMMARY 


The purpose of this study was to determine the 
thermal inactivation characteristics of chlortetracy- 
cline in various meat menstrua; beef, pork, lamb, 
chicken, haddock, white shrimp, and softshell crab- 
meat. Phosphate buffer (pH 4.5) was included as a 
reference menstruum. 

In the majority of cases, the thermal inactivation 
rate (TIR) curves deviated from the kinetics of the 
monomolecular chemical reaction, exhibiting a gradual 
decrease in the rate of inactivation with time. The data 
interpreted from these and the thermal reduction time 
(TRT) curves are summarized. The TRT values for 
the various test menstrua at 100 C (212 F), as an exam- 
ple were: phosphate buffer, 44; beef, 13; pork, 10; 
lamb, 8; chicken, 9; haddock, 6; shrimp, 5; and crab- 
meat, 18 min. 

No final conclusion can be made as to what the results 
might be under normal cooking conditions. The type of 
meat cut, the method by which the antibiotic is applied 
to the product, and the method of cooking are all 
essential factors which will determine the extent of 
inactivation of the antibiotic in question. 
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The quality of commercially prepeeled potatoes de- 
teriorates rapidly during nonrefrigerated transportation 
and storage. A major factor in this deterioration is 
the development of microorganisms. Ceponis and 
Friedman (1957) have shown that the shelflife of 
prepeeled potatoes at room temperature is less than 
24 hr. Similar results were reported by Feustel and 
Harrington (1957). 

Gamma irradiation of potatoes has received much 
attention during the past few years (U. S. Army 
Quartermaster Corps, 1957). At low levels of irradiation 
(8,000 to 10,000 rad), no detrimental effects with respect 
to color, flavor, and texture of the cooked or fried 
product have been reported. Recent reports on the 
irradiation pasteurization (up to 300,000 rad) of pre- 
packaged fruits (Gernon, 1959) have opened new 
possibilities for increasing the shelflife of fresh produ :e. 

The application of antibiotics in prepacked vege- 

‘Contribution no. 46, Plant Research Institute, Research 
Branch, Canada Department of Agriculture, Ottawa. 


tables has been reported to delay bacterial spoilage 
(Carroll and co-workers, 1957). Recently, Francis 
et al. (1959) reported that the addition of oxytetra- 
cycline and chlortetracycline to a sodium bisulphite 
dipping solution increased the shelflife of prepeeled 
packaged potatoes. The improvement in shelflife was 
attributed, in part, to the prevention of exudation 
during the storage period. Supposedly, exudation con- 
trol was associated with control of bacterial develop- 
ment. However, most of the data are applicable only 
to storage at refrigerated temperatures. 

The present study was undertaken in an attempt to 
increase the shelflife of prepeeled, sulphite-treated 
potatoes at room temperature by the separate or com- 
bined use of gamma irradiation and antibiotics. 


MATERIALS AND METHODS 


Sebago and Katahdin potatoes were obtained locally. 
After peeling and trimming, the potatoes were sliced 
into French fries of 3g in. by 3¢ in. cross section and 


arch 
Lion. 

hlor- 
hlor- 

1956 
nol., 
Be 
hlor- 
‘ARR, 
n ex- 
F. E. 

pres- 

1957 
-hlor- 
TERS, 
al in- 
lL, 


312 ASSELBERGS, FERGUSON, MOHR, AND MacQUEEN 


held in cold water until ready for use. The experimental 
dipping solutions included sodium metabisulphite, 
oxytetracyline, and nisin.” The cut potatoes, after 
dipping in the selected solutions for specific periods, 
were drained for 30 sec. Ten samples of approximately 
100 g each were packaged in Cryovac* or polyethylene 
bags. The Cryovac bags were evacuated, sealed, and 
dipped in hot water of 185 F for 10 sec. Polyethylene 
bags were treated similarly, not with the idea of main- 
taining a vacuum in these bags, but to provide standard 
initial conditions. 

The irradiation treatments were carried out in a 
Gammacell 220.4 This irradiation cell contains 4,000 
curies of Co® and the average dose rate is 290,000 
rad per hr. Ten sample bags were irradiated at one 
time. After irradiation, the samples were stored at room 
temperature and observations on color, flavor, texture, 
and bacterial counts were made at predetermined 
intervals. 

For the taste panel evaluation, the potatoes were 
French fried and judged by four panel members. 

lor the determination of microbial populations, 10 g 
of the treated potatoes were washed by shaking with 
100 ml sterile water in a Precision® horizontal mechani- 
cal shaker. Serial dilutions of this wash water were 
plated on Bacto®-tryptone glucose extract agar. Plates 
were incubated at 30 to 32 C for 72 hr for mesophilic 
bacteria counts and in Brewer anaerobic jars for 96 hr 
for anaerobe counts. 

The composition of gas, developed in the samples 


packaged in Cryovac bags, was determined with the 


Fisher-Orsat? gas analyser. 

Peroxidase activity was determined with hydrogen 
peroxide and guaiacol solutions (Masure and Campbell, 
1944). 


RESULTS 


In the preliminary experiment of this project, peeled, 
cut potatoes were packaged in Cryovac bags and 
irradiated immediately at 4,000,000, 1,200,000, 300,000, 
and 100,000 rad. Upon removal from the Gammacell 
220, the potatoes irradiated at 4,090,009 rad showed 
greyish discoloration and complete breakdown of the 
tissue. At the 1,200,000 rad level the color of the pota- 
toes had not been affected, but the tissue was softened 
noticeably. Organoleptic evaluation of these samples 
was limited to cursory examination because of strong 
off-odors. These off-odors did not disappear in samples 
stored for 6 months at room temperature. Irradiation 


2? Water-soluble nisin, supplied through the courtesy of 
Aplin and Barrett Ltd., Yeovil, England. 

3 Cryovac Division of the W. R. Grace & Co., Cambridge 
Massachusetts. 

4 Atomic Energy of Canada Ltd., Ottawa, Canada. 

> Precision Scientific Co., Chicago, Illinois. 

® Difeo Laboratories, Inc., Detroit, Michigan. 

7 Fisher Scientific Co. Ltd., Toronto, Ont. Canada. 
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at 300,000 rad caused no changes in color and texture, 
The French fries made from these potatoes immediately 
after irradiation had slight off-flavor. This off-flavor 
was removed completely by rinsing the potatoes in 
cold water for 15 min prior to frying. 

French fries prepared from the potatoes irradiated at 
the 100,000 rad level had good color and flavor initially. 
The shelflife of the 100,000 rad and 300,000 rad samples 
did not exceed 1 day at room temperature because of 
black discoloration, presumably caused by enzymes 
not inactivated at the low dosages. 

In the next experiment an attempt was made to 
prevent the discoloration by one of the following pre- 
treatments prior to packaging: (1) steam blanching for 
2 min at 212 F, (2) 30 see dip in 2,000 ppm sodium 
metabisulphite, and (3) 30 sec dip in2 per cent as- 
corbic acid. 

The steam-blanched potatoes after irradiation at 
100,000 and 300,000 rad were not acceptable because 
of black discoloration after 1 day at room temperature. 
Since the potatoes after blanching had no peroxidase 
activity, which is accepted in the food industry as 
being indicative of an adequate blanch treatment, it 
was thought that the blackening might be a direct 
result of irradiation. In further studies, however, 
samples receiving 1 megarad treatment retained their 
white color for a minimum of 6 days. It is not known 
whether the good color retention in this latter instance 
was due to destruction of enzymes which may have 
escaped destruction in blanching or to chemical changes 
in substrate(s) due to the higher irradiation dosage. 

The samples dipped in the sodium metabisulphite or 
the ascorbic acid solution and irradiated at 100,000 
and 300,000 rad retained their color for 4 to 5 days. 
However, because Cryovac bags have a very low perme- 
ability to gases, the gas formation caused the bags to 
swell and eventually break. Analysis of this gas revealed 
a composition of 78 per cent carbon dioxide and 21 
per cent nitrogen. Since neither aerobic nor anaerobic 
culture tests showed any bacterial development up to 
this time, the gas formation may be assumed to be 
associated with the respiration of the potato tissue. 

To determine if a more permeable packaging film 
would prevent gas build-up, and thereby improve the 
shelflife, the use of polyethylene bags was investigated. 
Peeled, cut potatoes were dipped in 2,000 ppm sodium 
metabisulphite solution for 2 min, packaged in poly- 
ethylene, and irradiated at 100,000 and 300,000 rad. 
The results showed no gas build-up in these poly- 
ethylene bags for 4 days. However, during this period 
the bacterial counts of the samples increased from less 
than 100 per g product immediately after irradiation, 
to approximately 60,000,000 and 5,000,000 bacteria 
per g for the 100,000 and the 300,000 rad samples, 
respectively. Bacteriological analyses of the above 
samples before irradiation indicated a heterogeneous 
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microflora. After irradiation, macroscopical and micro- 
scopical examination of bacterial colonies showed a 
gram positive sporeforming rod (Bacillus subtilis) and 
alesser number of yeasts and gram negative bacteria. 

The effect of various concentrations of nisin and 
oxytetracycline on pure and mixed cultures of bacteria 
isolated from the above irradiated and spoiled samples 
was investigated. It was found that nisin at 10, 20, or 
100 ppm was effective only against B. subtilis, but was 
ineffective against gram negative bacteria or the mixed 
flora. Oxytetracycline in similar concentrations in- 
hibited the growth of both B. subtilis and the gram 
negative bacteria in pure culture form, but did not 
control growth of yeasts in the mixed flora. 

Based on the results of the above experiments, the 
combined use of antibiotics and irradiation was in- 
vestigated. Peeled, cut potatoes were dipped for 2 min 
in one of the following solutions: (1) 2,000 ppm sodium 
metabisulphite, (2) 2,000 ppm sodium metabisulphite 
plus 100 ppm oxytetracycline, (3) 2,000 ppm sodium 
metabisulphite plus 100 ppm nisin, and (4) 2,000 ppm 


sodium metabisulphite, plus 100 ppm oxytetracycline, 
plus 100 ppm nisin. 

Samples from each of these treatments were then 
packaged into Cryovac or polyethylene bags and ir- 
radiated at 100,000 or 300,000 rad. To increase the 
bacterial concentration on the cut potatoes prior to 
irradiation, aliquots of rinse water collected during the 
peeling of the potatoes were added to some of the above 
pretreatment solutions. The results of these studies 
are summarized in table 1. 

It is shown that the sulphite dip and the sulphite dip 
plus irradiation did not control bacterial development. 
The sulphite plus nisin dip, followed by irradiation 
gave some control when the initial bacterial count was 
very low: however, when the initial count was slightly 
higher, bacterial spoilage became apparent within 4 
days. A sulphite and oxytetracycline dip without irra- 
diation treatment resulted in bacterial spoilage of the 
samples within 2 days. However, the same treatment 
with irradiation at 300,000 rad resulted in control of 
bacterial development for at least 6 days. Similar results 


TABLE 1 


Bacterial development in peeled, packaged potatoes after various pretreatments, irradiation, and storage at room temperature 


| 


| Bacterial Count per Dent's at Following 
Pretreatments | Packaging Film | G 
| | Irradiation 0 2 4 6 8 
rad no. X 107% 

2000 ppm sodium metabisulphite dip | Cryovac | 0.3 0.3 | 100,000 | | 

for 30 sec | Cryovac 100,000 15.0 1.0 —* | TNTCt{ — a 
| Cryovac 100,000 150.0 13.0 400 ,000 

| Polyethylene | 100,000 0.9 0.3 _ 6,000 — — 

| Cryovac | 300,000 0.3 0.3 1,000. | | 

Cryovae 300,000| 15.0 | 0.3 — | TNTC ~ 

Polyethylene | 300,000 0.9 0.3 1.2 3,000 — —_ 

Polyethylene | 300,000 100.0 0.3 200 | 49,000 | —_ —_ 

2000 ppm sodium metabisulphite + 100 | Cryovaec | 100,000 1.8 0.3 — | 100 160,000 | es 
ppm nisin dip for 30 sec Cryovac 100,000 13.5 1:2 500,000 

2000 ppm sodium metabisulphite + 100 | Cryovac 100,000 1.5 0.3 oo | 1.0, Molds | _— 
ppm oxytetracycline for 30 sec Cryovae 100,000 36.0 1.6 — 270.0 5,000 — 

Polyethylene | 100,000 1.1 | 08 0.3 | 4.0) Molds — 
Cryovac 300,000 1.5 0.3 | 1.0 4 
| Polyethylene | 300,000 1.1 0.3 — 0.3 | 0.3 | 0.3 
Polyethylene 300,000 50.0 0.3 0.3 0.3 0.3 

2000 ppm sodium metabisulphite + 100 | Cryovac --- 0.3 — 18,000 x — — 
ppm nisin + 100 ppm oxytetracycline | Cryovac | — | 9.0 — T'NTC x — —_ 
for 30 sec Cryovac 100,000 0.3 0.3 0.3 0.3 

| Cryovac 100,000 9.0 0.3 0.9 0.3 | Molds 
Polyethylene | 100,000 0.4 0.3 250.0 | 
Cryovac 300,000 0.3 0.3 | 0.3 0.3; — 
Cryovac 300,000 0.9 0.3 _ 0.3 — 576 
Polyethylene | 300,000 0.4 0.3 — 0.3 | 0.3 30 
Polyethylene | 300,000 20.0 0.3 _— 0.3 | — 5,600 


*— = No data. 


+x = Further analyses were considered unnecessary. 


I TNTC = Too numerous to count. 
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were obtained with the samples pretreated with the 
sulphite, oxytetracycline, and nisin solution. The inci- 
dence of molds, especially when bacterial development 
had been controlled, caused rejection of several samples. 
Also, the color of the cut potatoes gradually changed 
from white to grey during the 8-day storage period. 
This color change occurred faster when the pretreat- 
ment included nisin. Organoleptically, the samples were 
considered unacceptable because, in addition to the 
change in color, the potatoes developed a “storage’”’ 
off-flavor after 2 to 4 days in the package. It was there- 
fore decided to discontinue further experimentations. 


SUMMARY 


The combined use of low dosage gamma irradiation 
(300,000 or 100,000 rad) and oxytetracycline controlled 
bacterial development in prepeeled, packaged potatoes 
stored at room temperature for at least 6 days. How- 
ever, color changes and the development of a “storage”’ 
off-flavor would preclude the use of this technique for 
commercial use. 
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Microbiological deterioration of cellulosic materials 
willl occur wherever conditions of high relative humidity 
and moderate temperatures prevail. This is so because 
cellulolytic microflora are universally distributed, being 
both indigenous to most climates and transported by 
man to all his environments. Thus, as a primary source 
of damage to property and more particularly to mili- 
tary materiel and equipage, microbiological deteriora- 
tion has persistently insinuated itself into logistical 
considerations of major import. There exists today a 
voluminous literature on expediencies for the control 
of mildewing of cotton fabrics. There have been rela- 
tively few reports concerned with the rate of breakdown 
of cotton materials by microorganisms. These will be 
reviewed in due course. 

From a general viewpoint, the problems attending 
control of biological degradation of cotton materials 
are no longer satisfied by an empirical knowledge of, or 
attitude toward, fungicidal efficacy. Rather it has 
become of paramount importance to have definitive 
information based on sound experimental design of (a) 
the physicochemical properties of the fungicides them- 
selves; (b) the evenness of deposition of these com- 
pounds on all materials; (c) the extent, if any, of 
interactions between the compounds and the cloths; 
(d) the susceptibility to change of treated fabrics to the 
total weathering complex if not to known parameters 
of any of its components; and (e) the potential rate of 
deterioration of a given material treated with a given 
biocidal compound characterized by a kinetic equation 
useful in predicting its serviceability. 

A comprehensive knowledge including, at least, some 
understanding of the five factors just enumerated, 
would obviate the possibility of replacing the old by 
some new empiricism. Thus, the problem of micro- 
biological deterioration requires objective characteri- 
zation and more precise definition. The complex of 
variables known and conjectured are numerous, indeed. 
Little would be gained, however, if we insisted that 
these variables, individually and interrelatedly, are 
so complex that any effort toward their solution would 
be unrewarding. On the contrary, investigations made 


'Present address: Scientific Oil Compounding Company, 
Ine., Chicago, Illinois. 
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during the past 4 years have shown that an under- 
standing of major factors attending microbiological 
deterioration may be elucidated experimentally. Hence, 
a purely rationalistic attitude based on error terms and 
variables of a rhetorical nature is unwarranted since 
definitive parameters pertinent to this problem are 
being revealed continuously. The progress made toward 
this fundamental understanding of biological degrada- 
tion is the result of a broad frontal approach to the 
problem. The specifics revealed are most significant, 
nonetheless. 

Relative to the first of the factors presented above, 
the physicochemical properties of the compounds 
themselves, the efficacy of the biocidal compounds in 
terms of formulation is basic to a fuller appreciation 
of the mode of action of the compound as used and the 
effects of application including interactions with the 
materials treated. This information, obviously, is 
axiomatic for a basis from which may be construed 
potential mildew control as well as definition of the 
magnitude of pertinent variables influencing a rate 
equation. In our laboratory, studies toward this end 
were initiated of formulations of copper 8-quinolinate. 
The investigations to date suggest that the metal 
catalyst necessary to bring about solubilization may 
have an important bearing on fungitoxicity. Further 
the catalyst singly or in a binary mixture of metals 
could be responsible, by virtue of its mordancy effect, 
for variable retention of the compound by the cloth 
so treated. This program also includes quantitative 
determinations of all components of the formulations 
prepared in the laboratory to be correlated with fungi- 
cidal efficacy evidenced in biological tests. 

Relevant to the second factor, the evenness of de- 
composition of compounds for mildew control on fabries, 
semi-micro and microquantitative methods of analysis 
of copper 8-quinolinate (Baskin et al., 1958) and 2,2’- 
methylene-bis-(4-chlorophenol) (to be published) ap- 
plied to cotton fabrics showed these compounds present 
in concentrations ranging from threshold to higher than 
required in random samplings of the treated cloths. 
Concentrations determined at the point of break 
correlated well with breaking strength. Thus uneven 
deposition was demonstrated to be a major variable 
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influencing the rate of change in response to deteriora- 
tive agents. 

Exclusive of such chemical modifications of cellulose 
as acetylation and cyanoethylation, the third factor, 
the interaction of compound and cloth, is something of 
an enigma. Much work has been reported suggesting 
interaction, particularly, the most comprehensive 
investigations of Yelland (1951) concerning the degra- 
dation of tentage in response to weathering as well as 
the field studies of Barghoorn (1946). A mathematical 
evaluation relating weathering to the rates of change 
measured, however, is wanting. It would be interesting 
to determine whether a mathematical form expressing 
the rates of change due to weathering is related to those 
proposed for microbiological deterioration of similar 
materials. Various mathematical and statistical studies 
in our laboratory suggested that interaction may be the 
cause for some rapid deteriorative effects. Something 
of the magnitude of interaction was deducible from 
multiple F and multiple range statistics (Duncan, 
1955) used to establish significance in change of break- 
ing strength of fabric during processing with light- 
sensitive anthraquinone 2,6-disulfonic acid (Baskin 
and Kaplan, 1958). Interaction may occur in the pos- 
sible substantive reaction of copper naphthenate with 
cotton cellulose to which it is applied. Recoverable 
amounts of metallic copper, often are significantly less 
than the initial amount with no apparent change in the 
susceptibility of the material to microorganic attack. 

As to the fourth factor, that of climatological effects, 
the weathering of fungicide-treated fabrics must be 
considered in judging the suitability of a compound, 
or more specifically, that of a biocidal formulation, as a 
textile preservative. In outdoor exposure a material 
may be susceptible to phototenderization, following 
energization by light of the compounds applied, re- 
sulting in damaging oxidative changes. In this regard, 
the degradative effects of anthraquinone 2 ,6-disulfonic 
acid in our studies (Baskin and Kaplan, 1958) appeared 
to conform to the photooxidative changes in model 
systems investigated by Lock (Anonymous, 1957) and 
by Bolland and Cooper (1954). Photoenergization of 
compounds applied to fabrics, contributing to their 
degradation, has brought into focus the inadequacy of 
the unit of measure, gram calories per square centi- 
meter (Langley), used generally as an index of actinic 
exposure. Obviously, the same number of calories may 
be achieved in an area of low light intensity, given 
sufficient time, as may be obtained at an open site 
within a much shorter interval. Further, some com- 
pounds may react to light of low energy level whereas 
others would require greater energy. In short, a proper 
understanding of actinic effects must be predicated on 
known levels of light energy and this requires measure 
of the impact of known wave lengths on exposed sur- 
faces. Fynn ef al. (1948) reported variations in response 
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of cellulose to filtered sunlight. Preparations are now 
being made in our laboratory to achieve this definition 
of the parts relative to the whole solar spectrum. 

Hydrolysis of fungicides and the activity of ionized 
acids released by this process under conditions of high 
temperature were reported by Bayley and Canadian 
co-workers. Hydrolytic changes in copper naphthenate 
(Bayley and Weatherburn, 1946; Bayley, 1956) and 
2 ,2’-methylene-bis-(4-chlorophenol) (Rose et al., 1957) 
were found to impair the tensile strength of the fabrics 
to which these compounds were applied. 

Actinic and hydrolytic effects, of course, are major 
sources of variation worthy of the detailed considera- 
tion, accomplished or projected, but the attendant 
variables of rainfall, the physical stresses imposed by 
alternate wetting and drying, and the abrasive effects 
of material carried by wind are no less a part of the 
weathering complex. 

Despite these efforts, our understanding of variables 
pertinent to microbiological deterioration remains 
incomplete insofar as their respective effects influence 
the rate of breakdown. The question may be raised, 
with regard to the fifth factor enumerated above, 
whether the variations and trends in our data may be 
resolved mathematically pending definition of magni- 
tude for individual variables and the parameters of the 
complex of factors as well as interaction mentioned 
previously. Thus, the totality of the deteriorative 
process, conceivably, warrants our prior consideration. 
When the variables are characterized, the extent of 
their effects, individually and collectively, may then 
be appropriately factored in a rate equation. 

The several investigations encompassing equations 
for rate of a deteriorative process either (a) assume 4 
function and fit data to this function, or (b) propose 
certain transformations such as semilog or log-log plots 
of data to obtain straight lines, or (c) derive a function 
based on intrinsic characteristics of the data and at- 
tempt a solution of the complex in order to afford a 
fuller statement of the nuances of the rate or rates of 
change obtained. 

Roger, Wheeler, and Humfeld (1940) reported a most 
comprehensive study of the deterioration of 14.0-ounce 
cotton duck cultured with Chaetomium globosum and 
Spirochaeta cytophaga. They found that for changes in 
breaking strength and copper number, logistic curves 
of the form 


k 

fitted the data well, in which k is the per cent loss in 
breaking strength, e is the base of the natural logarithm, 
t is the time in days, and a, b, and ¢ are constants 
estimated from the data. Second and third degree 
polynomials fitted best the data for changes in weight, 
thickness, fluidity, methylene blue absorption, and ash 
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and moisture content. The similarity of function as- 
cribed to these measures suggested some interrelation- 
ship among those factors resolved by a given mathe- 
matical form. The logistic curves used for breaking 
strength and copper number were reported to be signifi- 
cant in that they resembled the growth curves of yeast 
and bacteria. Although this resemblance to growth 
curves may be true for the decomposition of fabric in 
culture it might be only coincidental. Whereas it seems 
logical to assume a log degradation rate of a cellulosic 
substrate in conformance with log growth rates of 
microflora, there is the possibility that the substrate 
could decompose at a rate other than logarithmic 
relative to such ancillary factors, for example, as spore 
density and viability, intrinsic properties of the fabric 
being studied, and the frequency at which the measures 
are made. The logarithmic curve fitting the data best, 
therefore, must be an expression of all the factors in- 
volved and not exclusively commendable because of its 
similarity to growth curves. 

It must also be borne in mind that any given array 
of data could be fitted by any of a number of functions. 
Therefore, it is essential to differentiate between func- 
tions affording best fits to data and those which are 
more fully descriptive of the rate of change however 
simple or complex these may be. For example, data 
reported as having been resolved by a least squares 
solution have been fitted only by a curve giving the 
smallest deviations for each array of the data at the 
intervals of time studied. The same data, expressed by 
a function amplified to include a probability factor for 
change in breaking strength with respect to time, more 
appropriately expresses something of the dynamics of 
the change measured. 

Thus the work of Roger, Wheeler, and Humfeld 
(1940) is most important as a pioneering attempt to 
study factors attending degradation of cellulosic 
materials in the context of particular fungi even though 
it may not be significant in the elucidation of the 
kinetics of the deteriorative process. 

The investigations reported by Moder and Stuckey 
(1958) also deserve our attention. In their studies 
correlating retention of fabric strength with weathering, 
they used linear regressions to resolve their data. They 
stated, “Our understanding of this fabric’s tenderiza- 
tion reaction has not been developed to the point where 
a theoretical mathematical model can be prescribed to 
relate these variables. For this reason, the popular 
linear model given below was employed. Aside from 
this arbitrary selection of the model, all other condi- 
tions were such that the evaluation of the constants 
a, b, c, d, and e could best be done by the standard 
method of least squares.’’ The function used by Moder 
and Stuckey had the form 


y =a+t bXi+cX, + dX: + 
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in which y is the per cent breaking strength retained, 
X, the cumulative kilolangleys (10* g calories per em?), 
X, the cumulative total rainfall in inches, X, the 
weighted average temperature in degrees Fahrenheit, 
and X;, the weighted averate humidity in per cent. The 
constants a, b, c, d, and e were estimated from the data. 
This manner of resolution of these data is entirely 
justified particularly in the light of its “arbitrary 
selection.”’ Moder and Stuckey summarize their evalua- 
tion as follows: ‘The pattern of strength loss resulting 
from outdoor exposure varied among the test sites 
because of difference in physical environment. A single 
linear equation, applicable to all test sites, was derived 
relating strength retention to langleys of actinic 
exposure and relative humidity.” It is apparent from 
this summary statement that Moder and Stuckey 
describe precisely what they have done; but there is an 
implication which has been inferred by some, that these 
relationships conform to a linear rate of change. A 
linear function was used only as an expediency. Had 
other functions been attempted, better fits to the data 
might have been obtained. To deduce from this work 
that deteriorative changes due to weathering are linear 
is true only insofar as no other function was applied to 
these data. 

Saylor (1957), on the other hand, resolved data of 
deterioration of weathered vinyl coated fabric by linear 
regression. As expected the fit was statistically signifi- 
cant but Saylor stated, ‘“‘The significant departure from — 
linearity of actual values from the linear regression of 
changes in tearing strength after exposure indicates 
several possible sources of variation. This departure 
might be corrected by fitting the average tear strength 
for each period of exposure to a more complex curve 
than the one expressed by linear regression.”’ 

The means by which Roger, Wheeler and Humfeld 
(1940), Moder and Stuckey (1958), and Saylor (1957) 
resolved their data exemplify the first method given, 
namely, assuming a function and fitting the data to it. 

The use of various transformations, for example, 
semilog and log-log plots of data is a well established 
and justifiable practice. The straight lines afforded by 
these transformations, however, should not and cannot 
be regarded as linear relationships for the data so 
plotted. Apart from the context of the transformation 
made, the straight line obtained has no meaning as a 
linear function. Erroneous interpretations of data occur 
when the straight lines of these transformations are con- 
sidered as linear functions without regard to the loga- 
rithmic distortion imposed on the data by such treat- 
ment. In general, biological phenomena are inherently 


_ nonlinear in character yet the persistent fetish of the 


straight line defeats the fullest application of nonlinear 
mathematics and the appreciation of nonlinear trans- 
formations with respect to these processes. 

Having observed the value for resolution of data with 
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respect to the methods discussed, we attempted a more 
specific understanding of the rates of change as these 
could be equated from the measurements made. Studies 
in our laboratory begun in 1955 encompassed evalua- 
tions of field and laboratory data reflecting changes 
in breaking strength of materials relative to time 
weathered or exposed to the deteriorative effects of 
microflora. Best estimates for trend in these data were 
determined by regression analysis to resolve variations 
normal to the activity of biological agents on inherently 
variable organic (cellulosic) substrates. The variations 
obtained were resolved by least squares solutions. As 
linear, second, and higher order polynomials may be 
written for any array of data, it was essential to adapt 
statistical measures of significance to determine whether 
higher order functions would be more descriptive than 
simpler equations applied to a given array of data. 
And further, it was necessary to determine whether the 
amount of variation accounted for by the more complex 
polynomial was sufficiently greater than that encom- 
passed by the simpler function to warrant the former. 

This approach was used in the resolution of breaking 
strength data of dyed fabrics, treated with water repel- 
lent only, that were sampled at 3-month intervals for a 
total of 30 months of exposure in the Panama jungle 
shade. The breaking strengths as measured were highly 
variable as will be noted in the mean and extreme 
values given in figure 1. Linear regression of these 
data was found to be highly significant in accord with 
analysis of variance of the breaking strengths (table 1). 
To determine whether there was in these data a signifi- 
cant amount of variation not accounted for by the 
linear regression, the F ratio for ‘‘about the regression”’ 
factor was computed (table 2). As this factor was highly 
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Figure 1. Breaking strengths of 12.29-ounce cotton duck 
weathered at Panama Canal Zone (off-ground jungle shade), 
dyed OD-7, treated with water repellent only. 
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significant (F = 14.50) the regression in accord with a 
second order polynomial was computed. The quadratic 
regression was found to be highly significant, 7 = 51.42 
(table 3). The significance of the second order poly- 
nomial over the linear regression was determined also 
by analysis of variance (table 4). This was found to be 
significant with the calculated F ratio equal to 17.71. 
Similarly, higher order polynomials were studied. It 
was found that whereas a third order polynomial 
explained 42 to 45 per cent of the variation (sums of 
squares for regression + total sums of squares X 100), 


TABLE 1 
Significance of linear regression: Break strength data, 12.29- 
ounce cotton duck (control) weathered off-ground, 
jungle shade, Panama Canal Zone 


Linear regression.......... 1 97 ,223 | 97,223 | 77.10 
163 | 205,468 | 1,261 
TABLE 2 


Analysis of variance for significance of variation not included 
by the linear regression of break strength data, 12.29-ounce 
cotton duck control weathered off-ground, jungle shade, 
Panama Canal Zone 


Within groups............. 154 | 111,257 722 
Linear regression.......... 1 97 ,223 | 97,223 
About the regression....... 9 94,211 | 10,468 | 14.50 

| 10 | 191,434 
TABLE 3 


Significance of quadratic regression computed for break strengths 
of 12.29-ounce cotton duck control weathered off-ground, 
jungle shade, Panama Canal Zone 


Quadratic regression....... 2 | 117,536 | 58,768 | 51.42 
TABLE 4 


Significance of quadratic over linear regression computed for 
break strength of 12.29-ounce, cotton duck control weathered 
off-ground, jungle shade, Panama Canal Zone 


Source of Variation F 
Quadratic-linear........... 1 20,313 | 20,313 | 17.71 
162 | 185,105 | 1,143 
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the quadratic regression accounted for 39 to 43 per cent 
of the variation. Although there is some difference in 
the accounted variation with respect to the quadratic 
and cubic regressions, this difference may have no prac- 
tical importance in view of the overlap obtained. If this 
is true, these data may be resolved by a quadratic re- 
gression in preference to the cubic regression, consider- 
ing the large but not unusual error (10 to 15 per cent) 
attending field experimentation. 

Let us consider the change in breaking strength of 
12.29-ounce cotton duck treated with anthraquinone 
2,6-disulfonic acid weathered at an open site at New 
Orleans, Louisiana. In this instance, regression analysis 
of the data established that fabric treated with 2 per 
cent (nominal) of this compound by weight of the 
fabric would be fitted best by a second order poly- 
nomial (Y, = 139.8 — 3.092 + 0.048 2”) significant over 
the linear regression at the 5 per cent level. Data for 
fabric treated with 4 per cent (nominal) anthraquinone 
2,6-disulfonic acid were fitted also by a second order 
polynomial (Y, = 139.9 — 2.627x + 0.0252*) sig- 
nificant over the linear regression at the 1 per cent level. 
The increased significance for the second order poly- 
nomial with increased concentration suggests the 
intensified effect of phototenderization with the higher 
concentration of this compound. 

The rapid change in breaking strength for the first 
month of exposure suggested consideration of another 
means of mathematical treatment of these data. This 
was to consider the first month time interval as 2», 
intervals previous to this as minus, and those subse- 
quent as plus. In this manner an algebraic fit to the 
data was accomplished polynomially with an intercept 
at the ordinates for the first month (figure 2). The 
equations so resolved were linear for the data up to 1 
month and quadratic for the intervals following. This 
mathematical treatment of the data reflected the severe 
loss of strength during the first month at which time 
the rate of change may have been predominantly 
physicochemical in nature. The quadratic rate of change 
following might suggest a predominantly microbio- 
logical effect. The change obtained for the control 
indicates that the dyes used were apparently photo- 
sensitive, but the more severe change evidenced for the 
treated material is certainly ascribable to the effect of 
the anthraquinone. 

Our laboratory studies of microbiological deteriora- 
tion of untreated materials buried in soil were, initially, 
treated in the manner described above. When measuring 
breaking strengths of random samplings of untreated 
8.25-ounce cotton duck daily through 14 days, we ob- 
tained a complex curve for the total change with the rate 
varying on or about the 5th and 12th days (figure 3). The 
function derived to fit these data was a complex polyno- 
mial involving nine sets of six simultaneous equations 
each affording a least squares solution with discontinu- 
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ous rates of change on the 5th and 12th days. An eighth 
order polynomial gave a good fit to the data as a con- 
tinuous function. Whereas polynomials afforded per- 
fectly adequate means by which variation may be 
resolved, they accomplished only a least squares solu- 
tion but established little of the dynamics of the changes 
occurring. It appeared likely that a kinetic relationship 
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Figure 2. Caleulated regression for breaking strengths of 
12.29-ounce cotton duck treated with anthraquinone 2,6- 
disulfonic acid (AdiSA) weathered in open site, New Orleans, 
Louisiana. 
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Figure 3. Complex function suggested by plot of daily meas- 
ures of breaking strengths of 8.25-ounce cotton duck removed 
from burial in soil (pH 6.9, temperature 90 + 5 F) moisture 
at 25 per cent of saturation for a total of 14 days. 
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would be based best on an equation resolving the data 
in terms of poignant interrelationships of the variables 
involved, or at least those which are measurable, in 
accord with the laws of probability. Two such relation- 
ships were reported by Sippel (1949) and Maritz 
(1957). 

Sippel investigated theoretical aspects of changes in 
tensile strength and degree of polymerization of syn- 
thetic fibers following light irradiation and related these 
effects to the molecular microstructure of cellulose. 
Sippel derived the following theoretical relationship 
based on the response of a monomolecular film consist- 
ing of macromolecules in which there are no bonds 
per cm? related to tensile strength. After time, t, only a 
fraction, F/Fo, of the tensile strength remains expressed 
by the equation 


and 


nl——=In— 
No Fo 


An expression also was derived relative to the degree of 
polymerization at time 0 and at some time after radia- 
tion was initiated which had the form 


in which M> is a coefficient representing the number of 
monomeric units of a primary macromolecule sensitive 


k 
ky 


x 
Figure 4. Graphic representation of function used in our 
laboratory in which 
ky 


[ae — be~*] + kz 
and 


k 
yt=y- ke [ae be~2=] 
a—b 
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to light radiation; In is the natural logarithm; P, the 
average degree of polymerization at some time t; Po, the 
initial degree of polymerization; F and Fo, respectively, 
the breaking strength at some time, ¢, and the initial 
breaking strength (pounds per square inch). Sippel’s 
function was found by Prati (1958) to be applicable to 
the degradative effects of light, temperature, and acid 
on the structure of a polyamide, Nylon 66. Prati further 
suggested that this function may be adapted to changes 
in breaking strength due to microbial effects. 

Maritz (1957) derived a function for the microbio- 
logical deterioration of cellulosic material having the 
form 


E(z) 


in which Ey, is the expected mean breaking strength 
at time, t; E(x), the expected mean breaking strength 
of unexposed samples; a and 8, are random variables 
computed from the data; and e, the base of natural log. 


In this model / (tg — t,) is assumed to be fixed and is 


variable only by virtue of its dependence on a and 8 
which are random variables. 

A function developed in our laboratory was related 
to the one proposed by Maritz whose mathematical 
model was adaptable to our own data. However, 
Maritz reported no procedure by which to estimate the 
parameters of this function. These were developed by 
the U. 8S. Quartermaster Research and Engineering 
Center and the data were programmed for machine 
computation. The function we propose relating break- 
ing strength to time in burial has the form 


[ae — be~**] + ke 
a—b 


Ew, = [ae — 


Y= 


X (time, deys ) 


Figure 6. Application of function used in our laboratory to 
typical data: measures of deterioration of untreated fabric in 
which Y, breaking strength in pounds per square inch, is plotted 
against X, time in days. 
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in which breaking strength Y, is determined from 
ky, ke, a and 6 constants estimated from the data, ¢ is 
the base of the natural log, and x is time in days. A 
typical plot of this function (figure 4) will clarify its 
mathematical behavior. As indicated in this diagram 
when « = 0, y = ki + ke. If we write 


ky 


y*=Y—-k= [ae — be~27] 

insensitive to k, the value of this constant is estimated 
directly from a plot of the data. If the fit is sensitive, 
it is necessary to assume several possible values of ke 
and estimate k,, a and b corresponding to each value. 
The combination giving the best fit is the one giving 


_ the minimal sums of squares. The minimal sums of 
' squares is determined from contour mapping of the 


sums of squares of scaled deviations from the fitted 
function versus values of a and b. The sums of squares 
corresponding to each contour are plotted on the con- 
tour. Typical data plotted in this manner are sum- 
marized graphically in figure 5. 

It has also been found that for some arrays of data, 
for example, the 3.3-ounce sheeting mentioned previ- 
ously, a simple exponential function of the form 
y = ke~” affords a good fit. This expression, actually, 
is the limit of the function proposed representing the 
relationship as a — ©. In this case ky = 0. 

Thus it appears that the mathematical function 
proposed by Maritz as adapted by the U. S. Quarter- 
master Research and Engineering Center is most feasi- 
ble for the resolution of our data for microbiological 
deterioration. The rate of deterioration of untreated 
materials placed in soil burial obviously varies with 
respect to the weight (ounces per square yard) of a 
given fabric. Nevertheless, the mathematical function 
proposed is one that fits any case, being additive as 
successive frames, as this weight increases. 

The varied rates of change described for untreated 
materials suggest a biocoenotic effect. They may also 
reference soil-microflora-fabric as substrate interrela- 
tionships and/or changes in polymerization of the 
cellulose resulting from enzymic influences. 

In the case of fungicide treated materials parameters 
of major variables are being established. These include 
the effect. of concentration of fungicide, photolytic and 
hydrolytic factors, and potential causes and extents of 
interaction of chemical treatments with the fabric to 
which they are applied. How each of these variables is 
to be factored in a rate equation remains to be deter- 
mined. These variables converted to related units of 
mass, length, and time may then be handled empirically 
in a dimensional equation, useful in predicting poten- 
tial rate of degradation of a given fabric with or without 
a particular mildewproofing treatment in accord with 
predisposing ambient environmental conditions. 
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In the calculation of heat sterilizing processes for 
food, wherein the food is subjected to heat energy at 
changing temperature, the sterilizing value, A, of the 
process is calculated by integrating the lethal rate, 
1/r, over the time interval 0 to ¢. When A is equated to 
1, that is, when 


(1) 


a procedure is devised whereby, in a reverse calculation, 
the process time necessary to produce the calculated 
lethal effect is determined. 


Parameters Employed in the r Function 


Depending upon the contours, or profiles, of relation- 
ships between time and temperature applying (a) to 
the destruction of offensive organisms at constant 
temperature and (b) to the temperature change to 
which food is subjected, and depending upon the 
particular mathematical forms used to express these 
relationships, there are at least two parameters associ- 
ated with each relationship—a velocity index or coeffi- 
cient, and a location index. The location index might be 
called an index of intensity. If either relationship has 
irregular characteristics which would complicate its 
mathematical expression, more than two parameters 
may be utilized to define that relationship. 

Hundreds of different patterns of each of these rela- 
tionships are usable and, for each of these, various 
forms of mathematical expression can be employed. 
For example, the exponential thermal destruction-time 
relationship for microorganisms may be equally well 
expressed in any of the following three forms (among 
other forms): 


2.303n 


x Tr F F= b = x 107! 


= log 


The parameters used with either of the two relation- 
ships must, of course, depend upon the specific mathe- 
matical form used to express the relationship. This 


1A paper of the Journal Series, New Jersey Agricultural 
Experiment Station, Department of Food Science, Rutgers, 
the State University of New Jersey, New Brunswick, New 
Jersey. 
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expression will vary from case to case but the operation 
represented by the integral expression (1), in which 
1/r takes on a form resulting from a combination of the 
two temperature-time relationships, remains the basic 
operation. The solution of equation (1), as stated 
above, yields the lethal value, or the quantity of 
sterilizing effect, A, produced during the time interval, 
0 to t. 


Parameters Employed in Reverse Calculation 


In most process calculations, namely, those made 
for the purpose of determining the length of proces 
required, the sterilizing value, A, which must he 
attained by the process, is established as a given condi- 
tion of the problem. Parameters are then introduced to 
make a calculation in reverse to that of equation (1), 
which is the determination of process time after the 
quantity of lethal effect required in the process is 
known. 

The forms of the functions represented by the param- 
eters used in performing the reverse calculation depend 
upon the stage of the equation (1) operation in which 
the parameters are introduced. For instance, if the 
worker so chooses, he may use a single parameter con- 
sisting of an exponential integral alone, taking its 
values directly from tables of the Ei (exponential 
integral) function. Usually, however, it is considered 
advantageous to introduce the parameters at a more 
advanced point in the calculation and thus use, as the 
parameters, functions of which the exponential integral 
is only a component part. The following paragraphs 
will clarify this point. 

The facility with which the reverse calculation can 
be done depends upon the pattern chosen for the param- 
eter or parameters. For instance, Gillespy (1951) 
proposed a calculation procedure wherein it was speci- 
fied that the reverse calculation should be made by 4 
“cut-and-try” procedure because no suitable parameter 
system was provided. 


“Curve Fitting” 


The “‘cut-and-try”’ operation is the same as that which 
would be performed by mechanical computers 1 
accomplish the reverse calculation. Here, it is known 
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as “curve spotting” or “curve fitting” and is executed 
by repeated performance of the integration of equation 
(1) using in establishing the values of 7, a series of 
values of the precursor parameter, the value of which 
is to be determined by this step, namely the parameter 
which represents the maximal temperature attained at 
the critical point in the food. The first objective in this 
operation is to bracket the established value of A, then, 
in successive integrations, to progressively approach 
that value. The operation is terminated when a suffi- 
ciently close agreement with the established value of 
A is produced to satisfy the requirements of the prob- 
lem. The value of g which accomplishes this result is 
the value being sought. By a simple calculation, a con- 
version from g to its corresponding time ¢ is then made 
to complete the solution of the problem. 


Parameters used in Ball Method 


The system of parameters used to express the + 
function in the Ball method of calculation of processes 
for food includes two to describe an exponential thermal 
death time curve of microorganisms and three to 
describe an exponential rate of change of temperature. 
The third parameter in the latter relationship is re- 
quired to express a lag factor. 

Ball (1923), in his first presentation of the process 
calculation method, used, as a single parameter in the 
reverse calculation, C (= t/f), in which ¢ is the length 
of process in minutes and f is the velocity index of the 
change of temperature. C was tabulated in relation to 
2, the velocity index of the thermal death time relation- 
ship, and to g, the temperature of the food at the 
termination of the process. The Hi function is a com- 
ponent part of C. 

In his second presentation, Ball (1928) used three 
parameters at this stage of the procedure because 
research had, in the meantime, revealed the existence 
of certain helpful relationships that made it advantage- 
ous to use new parameters. One of these was the ratio 
function f/U. This function consists of the velocity 
index of the change in temperature divided by the 
time in the temperature-death time relationship corre- 
sponding to the temperature of the heating medium of 
the process. Another parameter was a function sym- 
bolized by Y220, which equals A. FZ/f, in which A, is a 
lethal energy factor applying to the heating portion of 
a process (sometimes designated by the symbol, p), F 
is an intensity factor applying to the heat energy used 
in the process, and f, as stated previously, is a velocity 
index, applying to the change in temperature during 
the process. The third parameter was the function, p. 
As was the function C, all functions, f/U, Yo20, and p, 
were tabulated in relation to z and g. The Ei function 
isa component part of 

In the third presentation, by Ball and Olson (1957), 
the details of mathematics were further revised to 
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permit the use of three new parameters, P;, P., and 
P,. Like Y220, Pr is a lethal energy factor applying to 
the heating portion of a process, P, = 100 Yoo. P. 
and P, are similar lethal energy factors applying, 
respectively, to the cooling portion of the process and 
to the entire process. 

All these parameters were used at different times in 
performing, through different channels, the final steps 
of determining the process times. All gave the same 
answer since the use of each started only after the basic 
part of the calculation, namely, that of equation (1), 
had been accomplished, in which 7 was established by 
combining two temperature-time relationships. Here, 
both of these relationships were exponential but might, 
in order to represent a different pattern of change, have 
assumed any form which could be expressed mathe- 
matically, without changing the basic pattern of the 
calculation. 


Accuracy of Parameters 


When Ball’s first presentation (1923) was being pre- 
pared for publication, a reviewer found a discrepancy 
between a process time obtained by Ball’s formula 
method and that determined by applying the graphical 
method to the solution of equation (1). The graphical 
method must be regarded as the control procedure for 
this calculation. Ball, seeking to discover the reason 
for the discrepancy, calculated a table of C values by 
graphical procedure, finding them substantially differ- 
ent from the values previously calculated with the use 
of tables of Ei (exponential integral) functions. The 
graphically calculated values were substituted for the 
original and were used with satisfaction. These values 
were utilized also in compiling the tables of parametric 
values in the second and third presentations (Ball, 
1928; Ball and Olson, 1957), in spite of the fact that 
improved tables of Ei functions had recently been pub- 
lished. Hicks, noting Ball’s disregard of the new Ei 
tables, then published a set of P;, values based upon Ei 
values compiled by the Works Projects Administration _ 
of the City of New York (Federal Works Agency, 1940). 

For a reason that is not clear, Hicks calculated values 
of 10%’ P, instead of simply P,. Hicks stated that this 
was done to facilitate interpolation between integral 
values of z. This writer does not find the reason to be 
valid, particularly since the inclusion of the factor 
10*°/? necessitates an additional step in the calculation. 

Hicks pointed out that, in application, his values 
of 10%’ P, gave results which differed substantially 
from those produced from values of P, in the tables 
compiled by Ball and Olson (1957). This occurred 
particularly in the region of high values of g. 

As a check on the relative amounts of discrepancy 
between a series of process times calculated by the 
graphical (general) method without the use of the 
tabulated P, function and the same series of processes 
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calculated by the formula method using, first, the 
Hicks table and, second, the Ball and Olson table, Ball, 
with the assistance of two graduate students, James F. 
Robinson, and Javier L. Zaldivar, calculated processes 
for all combinations of the parameters listed in table 1. 

Mr. Zaldivar made the entire series of calculations 
by the general method and by the formula method using 
the Ball and Olson table of P;, values and Mr. Robinson 
made the calculations in the same two categories for 
the F value of 3, only. After checking those calculations 
carefully, and making necessary corrections, Ball 
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made the entire series of calculations by the formula 
method using the Hicks table of 10*°/- P, values. 

The results, (figures 1 to 3), show, as Hicks expected, 
that, where the g value is high, the results by the Ball 
and Olson parameter are widely different (generally 
higher) from the general method results. With low 
values of g, results by all three methods are approxi- 
mately alike. In several instances, the results from the 
Ball and Olson parameter are closer to those from the 
general method than are the results from the Hicks 
parameter. Nevertheless, the superiority of the Hicks 


TABLE 1 


Parameters of time-temperature relationships constituting the components of lethal rate on which process calculations were made by 
three procedures 


T> (initial temperature) = 160 F; 7, (processing temperature) = 225, 250, 275 F 


F 3 6 9 
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Figure 1. Process times for sterilization during heating portion only when f = 32, j7 = 1.28, 70 = 160, calculated by three pre 
cedures: G, general method; H, formula method with Hicks table; B, formula method with Ball table. Process times at 275 F art 


shown only for z = 14. W, X, Y: Hicks; interpolation with Bessel function. 
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Figure 2. Process times for sterilization during heating portion only when f = 62, 7 = 1.40, To = 160, calculated by three pro- 
cedures: G, general method; H, formula method with Hicks table; B, formula method with Ball table. Process times at 275 F are 
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cedures: G, general method; H, formula method with Hicks table; B, formula method with Ball table. Process times at 275 F are 
shown only for z = 14. W, X, Y: Hicks; interpolation with Bessel function. 
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parametric values in producing results that agree with 
those of the general method is sufficiently broad to 
indicate that calculation of function P, by the formula, 
of which the principal component is the exponential 
integral, as was done by Hicks, is the proper procedure 
with the improved exponential integral tables that are 
available today. 

The reason for the poor results obtained in 1923 
with the use of parametric values calculated by a 
formula containing exponential integrals seems to be 
that errors were introduced through broad interpola- 
tions and extrapolations that were necessary in the use 
of the Glaisher tables (Glaisher, 1870). Any substantial 
departure of the Hicks results from the general method 
results (figures 1 to 3), apparently arose from inter- 
polations made either by Hicks in the Ei tables or by 
this writer in Hicks’ table. Linear interpolations in an 
exponential function obviously introduce errors. 

Contrary to the admonition by Hicks (1958) that, 
for greatest accuracy, interpolation in a table of P), 
values should be accomplished with the use of Bessel 
functions, the calculations for this report, utilizing 
both the Hicks table and the Ball and Olson table, 
were made with linear interpolation only. This was, in 
a sense, unfair to both tables but especially to the 
Hicks table, which, vertically, contains large intervals 
between entries. If either the interpolation technique 
recommended by Hicks or the graphical technique of 
interpolation had been used, the results with the Hicks 
parameters, presented in figures 1 to 3, would more 
nearly agree with the general method results than do 
the present results. An indication is given of the effects 
of Bessel function interpolation by the points W, X, 
and Y, shown on figures 1 to 3. The writer is indebted 
to Norman Cowell, a research associate of Hicks? for 
these values. 

Hicks (1958) also recommended that, when accurate 
values are required with g greater than 15, direct 
calculations should be made using the expression ob- 
tained by performing the integration of equation (1). 
Since such a calculation would involve the process of 
curve fitting, discussed above, to determine the value 
of g, it would be a tedious process. 

The present writer believes that it is unrealistic to 
expect the average worker, who will make use of P), 
tables, to employ a more complex form of interpolation 
than the linear, except possibly graphical interpolation. 
Nor would it seem likely that direct calculation would 
be justified except in rare instances. P;, tables, should, 
therefore, be so constructed that reasonably accurate 
results can be calculated with the use of linear inter- 
polation. 

Tables of the P; function should be calculated with 
the use of the best available tables of the exponential 


2 Sorrowfully, it is announced that Mr. Hicks is now de- 
ceased. 
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integral after making either graphical interpolations 
or other interpolations of equal accuracy of the portions 
of those tables employed in the evaluation calculations, 
These interpolations will reduce the errors occurring 
in actual entries in the P;, tables. In the opinion of this 
author, the faults of the Hicks table (1958) are (a) 
intervals are too great, (b) the values are those of 
10°°* instead of P,, and in case linear inter. 
polations of the £7 tables were made by Hicks, a lack 
of accuracy because of this. In addition, the heading 
of Hicks’ first column is erroneous. The values ip 
column | are g values, not g/z. 

Hicks, in presenting his table of values of 10%: P, 
rightly points out that linear interpolation in tables of 
exponential functions can be troublesome. He states, 
however, that ‘tan analytical expression can be obtained 
for P, which permits greater accuracy of calculation 
than is generally feasible by graphical methods.” 
This statement conveys the impression that Hicks 
believes that the analytically evolved table should be 
regarded as the basis for the standard calculation 
rather than the graphical general method. The present 
writer believes that, unless linear interpolation is 
eliminated from the use of the ?, tables as well as from 
the precursor tables of Hi function, the general method 
calculation must continue to be accepted as standard, 
A carefully executed general method calculation invar- 
ably has greater accuracy than a calculation utilizing 
parametric values derived with the use of linear inter. 
polation within a substantial interval in either the P, 
table or the Ei table. If the process calculation wer 
made with the use of a mechanical computer, the 
procedure would simulate that of the general method. 

When the P,, tables of Ball and Olson were compiled, 
extrapolation was used for the values corresponding 
to the higher g values, as Hicks surmised. In the realiza- 
tion that substantial errors might enter because of this, 
an effort was made to ensure that none of these error 
would be on the low side from the standpoint of cal- 
culated process time without, of course, allowing them 
to become intolerably great on the high side. This 
demanded exercise of judgment as to the exact loca- 
tions of the extrapolated curves, which, by the way, 
were not straight lines. The judgment was influenced 
also by the knowledge that high g values generally are 
associated with high processing temperatures and that, 
although we are unable to state exactly why, the cus 
tom has grown in recent years among workers in the 
field of food sterilization of demanding the use of 3 
higher lethal value in processes applied at temperi 
tures above 260 F than in those applied at lowe 
temperatures.* Sometimes the judgment was not bad 
considering the objective. This is by way of exposint 

3 Should this relationship prove to be valid, it may cot 


stitute evidence that the thermal death time curve, whet 
plotted to semilog coordinates, is not a straight line. 


1960] 


the “ 
ing a 
know 
proce 
table 
We 
all re 
meth 
tion « 
been 
same 
readi 
appli 
set 0 
from 
of te 
The 
doerf 
Ball 
recog 
tion. 
stanc 
conti 
neces 
in th 
a bas 
the f 
the ¢ 
W 
the ; 


q 
4 

+ 


§ 


tions 
tions 
ons, 
ring 
f this 
(a) 
se of 
inter- 
lack 
es in 


ve 
les oi 
tates, 
‘ained 
lation 
10ds.” 
Hicks 
ald be 
ation 
resent 
ion k 
s from 
1ethod 
ndard. 
invati- 
tilizing 
inter- 
the P h 


n were 


er, the 
ethod. 
mpiled, 
onding 
realiza- 
of this, 
errors 
cal 
ig then 
le. This 
ct loca- 
he way, 
fluenced 
rally are 
nd that, 
the cus 
s in the 
use of 4 
empera- 
it, lower 
not. bad. 
exposing 
may col 
ve, whet 


the “silver lining” in the present situation, acknowledg- 
ing at the same time that the worker always desires to 
know how much of a lethal bonus he is giving to the 
process at a higher temperature and the Ball and Olson 
table does not tell him that. 

We have seen how four different sets of parameters, 
all related to g and z, have been used in published 
methods of making the reverse calculation after integra- 
tion of the lethal rate over a chosen period of time has 
been made. All four instances are applications of the 
same method of calculation. This fact sometimes is not 
readily recognized. Deindoerfer and Humphrey (1959) 
applied the same general method, using a still different 
set of parameters for making the reverse calculation 
from lethal value to time, as well as a different pattern 
of temperature change in setting up the 7 function. 
The fundamental identity of the procedures of Dein- 
doerfer and Humphrey, and that employed by Ball, 
Ball and Olson, Gillespie, and Hicks, was not clearly 
recognized in the Deindoerfer and Humphrey publica- 
tion. Such recognition is important to a clear under- 
standing of the problem. Familiarity with the basic 
contributions in this field, by those with experience, is 
necessary to further the understanding of newcomers 
in the science of the kinetics of reaction and to provide 
a basis for their studies. A thorough understanding of 
the field is difficult at best because of the intricacies of 
the calculation. 

We trust that this report will clarify the question of 
the accuracy of the P;, tables and that there will be 
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available in the not distant future a table of more 
accurate values than those already published. 


ACKNOWLEDGMENT 


The writer thanks Norman Cowell and J. R. Vickery, 
former associates of E. W. Hicks in the Commonwealth 
Scientific and Industrial Research Organization, Aus- 
tralia, for suggestions which were very helpful in the 
preparation of this paper. 


REFERENCES 


Batt, C. O. 1923 Thermal process time for canned food. 
Bull. Natl. Research Council (U. S.), 7. 

Batt, C. O. 1928 Mathematical solution of problems on 
thermal processing of canned food. Univ. Calif. Publs. 
Public Health, 1, 15-245. 

Batu, C. O. Otson, F.C. W. 1957 Sterilization in food 
technology. McGraw-Hill Book Co., Inc., New York, 
New York. 

DernpoeRFER, F. H. Humpurey, A. E. 1959 Analytical 
method for calculating heat sterilization times. Appl. 
Microbiol., 7, 256-264. 

Federal Works Agency, Works Projects Administration for 
the City of New York. 1940 Tables of sine, cosine, and 
exponential integrals. National Bureau of Standards, 
Washington, D. C. 

GILLesPIE, T. G. 1951 Estimation of sterilizing values of 
processes as applied to canned foods. 1. Packs heated by 
conduction. J. Sci. Food. Agr., 2, 107-125. 

GuatsHER, J. W. L. 1870 Tables of the numerical values of 
the sine integral, cosine integral, and exponential integral. 
Phil. Trans. Roy Soc. London, 160, 367-387. 

Hicks, E. W. 1958 A revised table of the P, function of 
Ball and Olson. Food Research, 23, 396-400. 


— 
= 
a 
| 


PRECISION 
CONTROLLED 


aa 


FREEZE DRYING EQUIPMENT | 


The increasingly vital role of freeze drying in 
the preservation and concentration of critical 
substances demands better engineered, more 
versatile apparatus. Now Amsco Del-Vac Freeze 
Dry Apparatus fulfills this need within labora- 
tories, pilot plants and production facilities. 

Significantly finer performance and versatility 
of Amsco Del-Vac Freeze Drying equipment 
permit the direct transfer of process data from 
laboratory or pilot models to large scale 
production models . . . without intermediate 
stages, of pilot operation. 

Whatever your freeze dry needs . . . whether 
‘you require heated, refrigerated process shelves; 
hydraulic stoppering shelves; a powerful, 
built-in 5 to 10 micron vaccum pump; or fully 
automatic controls . . . Amsco Del-Vac has 
an appropriate model. 

Write for fully illustrated brochure IC-606. 
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Bacto-Dehydrated Media 
for Microbiological Assay of 


VITAMINS and AMINO ACIDS 


These media contain all the necessary nutriments for the 
growth of specified test organisms requiring only the addition 
of specified increasing amounts of the vitamin or amino acid 


being assayed: 


Arginine Assay Medium 
Bi2 Assay Medium USP 
Bi2 Ochromonas Medium 
Biotin Assay Medium 

C F Assay Medium 

C S Vitamin Bi2 Agar 
Choline Assay Medium 
Cystine Assay Medium 
Folic Acid Assay Medium 
Glycine Assay Medium 
Histidine Assay Medium 
Inositol Assay Medium 
Inositol PAB Assay Medium 
Isoleucine Assay Medium 
Leucine Assay Medium 
Lycine Assay Medium 
Methionine Assay Medium 


Niacin Assay Medium 

PAB Assay Medium 
Panthenol Assay Medium 
Pantothenate Medium USP 
Phenylalanine Assay Medium 
Proline Assay Medium 
Pyridoxine Assay Medium 
Riboflavin Assay Medium 
Serine Assay Medium 
Thiamine Assay Medium 
Thiamine Assay Medium LV 
Tryptophane Assay Medium 
Tyrosine Assay Medium 
Valine Assay Medium 
Vitamin B12 Agar 

Vitamin Assay Medium 
Vitamin B12 Tomato Agar 


enzymes: Chicken Pancreas Hog Kidney Extract 


The following media have been developed especially for carry- 
ing stock cultures and for preparation of the inoculum: 


Bi2 Culture Agar USP 
Bi2 Inoculum Broth USP 
Casamino Inoculum Broth 
Glutamic Assay Medium 
Glutamic Culture Agar 
Glutamic Inoculum Broth 


Lactobacilli Agar AOAC 
Lactobacilli Broth AOAC 

Micro Assay Culture Agar 
Micro Inoculum Broth 
Neurospora Culture Agar 
Pantothenate Culture Agar USP 


Dehydrated Peptones prepared especially for microbiological assay: 
Bacto-Vitamin Free Casamino Acids acid hydrolyzed casein 
Bacto-Vitamin Free Casitone tryptic digest of casein 


Descriptive literature available on request 
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